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 ǕǒřĎ7χ«.6΋ƅέȺ1Ⱥ̝·Ď̌MǟN++6˟ė4ˎƆȼͳM#0I*
CƵ˪Ď5;#0HχςͲzfƻ˙Dħ̉42GɄ¡µǬʦƿ2#0̊ãMɧ
:0Iψ(6ċÇq2#07χȺ̝·Ď̌£5έʠ͙́1ƩǊ!J*žέƿzfǧ˲2
Ȃ̤M˽Hͫ%2~QrqȚą̯!J0Iψ(6žͱ~Qr7Ȣȁ6
ˍμχ@*˭AĬL'5F-0χ·˨ɃǮ5͙ŀ%IőĬ2χ΋ƅȬɁMÇIőĬIψ6
Xug5.07̿˪5̴Ȋ!J04΃öDHχʕņDˣąʨ5ʹː!J0Iψċ
ÇĜʖ6Γ24I~Qr6ȼͳ̴ȊΫ#̫ŀ2#07χ~QrȺ̝·Ď̌ë
΃5ƩǊ!JI2ǞGJIψ@*Ȅ1χǕǒřĎ6~QrMʼɑʋƿ5F
-0̼Í%IŐĳIψJ7έʠ͙́6ǕǒřĎ6A4G&χf}6̎ʜƟDǂŐ2#0
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ǕǒřĎέɡ-έŅ1οċ%I2M̂J8χf}ru\fqyRf2#0ƻʚ%
I*C57χʼɑǕǒĊȫ6̼Íƹ̫1I2ƽLJIψʼɑǕǒĊȫMȚ#*~Qr
6ƩǊ7χǕǒřĎ6~QrƩǊXug<6ʮǧ6̻ǙƲGJI6A14χ
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61χςͲċÇħ̉4ǬʦƿǕǒřĎM!G5ςɂ̉Ď%I*C6Țą4Ǐɛ1Iψ
ȡʹː17χʼɑǕǒĊȫMȚ%Itw~QrŋǕǒřĎ˨ťʼɑ~Qr
6Ç̨Mʭʨ2#*ψ˨ť7 Ni/NiOx/PtχNi/TiO2/PtχNi/HfO2/Pt ȼͳ6 3 ˍμ1Iψ
(6,6 2ˍμ50χʼɑǕǒĊȫMȚ%Iʼɑ~Qr2#0ƻʚħ̉1
I2MŰ̻#*ψ 
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˖ 1˔17χǕǒřĎEƧʼƿ~QrMʹː%IǄ̀43χʹː̈Ȑ2ʭʨMͬ=
*ψǕǒřĎ2³6Ʉ¡µMɏ͡#χǕǒřĎ6ßÁƿM˫²%Iψ@*χ
1962ƙ5ʦ̭!J*ǕǒřĎʕ͏2d`qyRf6ʹː6ΙLH5.0χʹ ː6ɈĩMͭ
22D5χ~Qr6ȼͳ5.0 Cu/SiO2/Au˨ť6˯ȫMıC0ͬ=*ψǕǒřĎ
6Ĝʖ5.07ȟ+ȟ̴Ȋ4΃öDIχ(6£1DȚą2!JIċÇĜʖ6q5.
0˫²%I22D5χun^twRMʚ*ǕǒřĎ6ʋƿMͬ=*ψf}r
u\fƻʚ5İ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1-1³DKCÐ459 
 1958ƙχTexas Instrumentsˀ6 J.S. Kilbyɐ7ΨˎĿ͝(IC: Integrated Circuits)6ȻƼMǪȵ#*
[1]ψ(6Ư 50 ƙ¶χēžÄqyRf7refk6ΨˎŵƟ 1 ƙē1 2 Ö5ŕć%I2
P6ɛÿ5ƱƵ˪Ď!JχςͲÂɪ͔έąĎ2ƿ̉İ4!J0*[2]ψē
žÄqyRf6͵Ɇ5F-0zj`EǰƓ˕Ƞ437ςɂ̉Ď#χǋ6ʘɠ7FH͎4D
654-0Iψ##χ(J2ĮȎ5έťqyRf5Iέąɪ͔7ŕŝ6ͰMͨ-0
Iψ(6*C!G4IÂɪ͔έąĎɔCGJ0Iχrefk6_rΕ 20 nm¶
5@1ýͻ#*±17χƵ˪Ď5FIƿ̉İ7ΝʠMͩ0I2̵-0Fψ(6F4ʍ
ɚ5Żƻ%I*CχȌ±7ēžÄ¶Ś6ȢȁDģHåJqyRfMÂɪ͔έąĎςɂ̉ςÑ
θƿ5%IċIψ(6F4έťqyRf6ΗʦǜΌ7 More-than-MooreE Beyond CMOS
2ĵ8J0I[3]ψ 
 6öΉ507χzj`MςͲĎ%I27D,KN62χͪƙ17Ǝŝ4Ί6
qk6̜ˎòʖM%I2DɔCGJ0Hχ(JG6̫ɔMɵ*%*C5 Beyond CMOS
qyRf6Ǧɔ̡LJ0IψŃ 1-1 5ʾ%67χITRS2013 Őĳ#*6öμ1Iψ
7έɶM÷-0DqkÐǛ!JIǬʦƿ (Nonvolatile)2ÐǛ14Ǭʦƿ
(Volatile)5ŝû!JIψǬʦƿ1I SRAM (Static Random Access Memory)2 DRAM 
(Dynamic RAM)7ſųΊ1IςͲċÇħ̉2ʋƶMʘ#0ɹ˛MǗψ~nd
2 HDD (Hard Disk Drive)7ċÇÂͲ17IŝųΊ1χ.Ǭʦƿ2ʋƶMʘ
#0qkÐǛ5ÉLJIψʕņ6zj`766ΕǎMʘ#χʸǎM̧F5
ȼǊ!J0Iψ##χɹ˛M̡ SRAM2 DRAM7Ǭʦƿ1I*Czj`Ʈɂ£1
DέąMɪ͔#˲Iψ(6*CǬʦƿ5˾ǫI2Ǫȵ!J0Iψ##χ
ȅŨ6~nd7Ǭʦƿ17IχċÇͲƟͶ*Cχ(6˾ǫ714ψ
J@1FHDzj`6έąɪ͔MǑI*C5χςͲċÇŝųΊχ.ǬʦƿMȚ%I
Beyond CMOSɔCGJ0Iψf}ɝåʼĎġ͟ŋʼɑǕǒ(STT-MRAM: Spin 
Transfer Torque Magnetoresistive RAM)[4][5]EχʯřĎ(PCM: Phase Change Memory)[6]χr
eXfRnm](TRAM: Topological switching RAM)[7]χǕǒřĎ(ReRAM: 
Resistive switching RAM)[8][9][10]7(6×̧2#0ǞGJIψ̣ 1-17~nd2(
JGȃ̮6ƿ̉Mɏ͡#*D61Iψ~nd7ΗʦG 30 ƙˮ-0Hχ
ċÇͲƟ(ͶD66̸ǉųΊυ̸ǉŵƟφ7ȳɋ5ςψȄχ³67ȃĜʖ5FH
ȴͼ6ċÇͲƟMȚ#0I2LIψʼɑ7ʋ5ςͲċÇħ̉1 DRAM M˾
ǫI21I2#0ȝƮ!J0Iψ##χȼͳ̩Ω1̸ǉųΊſ!ψȃ̮
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
 
2 
6£1DǕǒřĎ7χȗǫĿǾ(ĈID66χċÇͲƟ2̸ǉųΊM¢˓%I
Ʉ¡µǬʦƿ2#0ɝʭ!J0IψŃ 1-2 7īˍ6ċÇͲƟ2̸ǉųΊ6ΙÏ
1I[11]ψâ5ͬ=*F5χȅŨ67ΕʸHχċÇͲƟD 4ȴ6ΗIψ
##χǕǒřĎ7ςͲ1.̸ǉųΊDŝ*C DRAM +14~nd
D˾ǫIuyb2#0ȝƮ!J0Iψ 
 
 
Ń 1-1 ǐ̢6öμ([3] ITRS20135̸ͭ) 
 
̣ 1-1 īˍǬʦƿ6rkR6ƿ̉ɏ͡ 
 ~nd ʼɑ ʯřĎ ǕǒřĎ 
ȗͧAȎΘ 100 us 10 ns 150 ns 10 ns 
ɪĞȎΘ 1 ms 10 ns 120 ns 10 ns 
ųΊ 
υ̸ǉŵƟφ 
128 Gbit 
(0.75 Gb/mm2) 
64 Mbit 
8 Gbit 
(0.13 Gb/mm2) 
32 Gbit 
(0.24 Gb/mm2) 
ȗǫĿǾ 1E+5 1E+15 1E+9 1E+12 
ğ̂Ȁʑ Toshiba [12] Everspin [5] Samsung [6] Toshiba [10] 
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Ń 1-2 ̸ǉųΊ2ċÇͲƟ5FIīˍ6Á˾/([11] Ʉ¡µēžÄ6Șȃǐ̢
5̸ͭ) 
 
1-2tc459p©bO 
 ǕǒřĎ7Ń 1-3(a)6F5΃έȺω˱˸Ä̝̌ω΃έȺ2-*˟ė4ˎƆ
ȼͳ1ȼǊ!JIψ6F4ˎƆȼͳ5έŅMęć%I2ͱƕ7xs\lS2̵L
JIħͮƿ6˱˸ʺŗ5F-0έɡɡJIF54I(Ń 1-3(b))ψ6ʕ͏7 MOSFET 
(Metal-Oxide-Semiconductor field effect transistor)17̕6Ĝŀ2#0ʷGJ0Iψ##χ˱
˸ʺŗȎ6έɡMþƳ%I2j~r\lS2ĵ8JI˱˸ʺŗʘ$I(Ń 1-3(c))ψ6
ʍǆ17χέŅ6íęć5F-0˱˸Ä̝̌Mà6˱˸ʍǆ5Ǎ%21IψǕǒřĎ
176ħͮʨ4˱˸ʺŗʕ͏5F-0Ǖǒ6ςʍǆ2ÂʍǆM˽Hͫ%21Iψ
ǕǒřĎ6öΉ17χ(6ςǕǒʍǆ2ÂǕǒʍǆM(J)J ONʍǆχOFFʍǆ2ĵ:χ
(6ʍǆM 2͵Ǿ60216ǂŐ5Żƻ!'Iψ 
 Ń 1-4 5ʾ#*67ǕǒřĎ6êŋʨ4 I-V ʋƿ6ȿƢŃ1IψǕǒřĎ57
ėȺƿ6A1fRnm]ċÇ͙Iuŋ(a)2χȺƿ5ÌŨ%IyRŋ(b)
Iψ17ʚ͂M˰#0«.6kRM̈́Ȋ%IψOFFʍǆ6˨ť5έŅMęć%I2
I#Ù5ͻ#*2χέɡƾɻ5Ȉ# ONʍǆ54Iχ6 OFFG ON<6fRn
mMSET2ĵ;ψ6 SETċÇ62χ͹έɡ5FI˨ť6ʺŗMΛ*C5έɡ`
RPf(Icc)M̺ů%Iψ(6έɡ`RPfM SETȎFHDςC5̺ů#έŅMíęć
%I2χέɡD#7έŅI#ÙM͛0 OFFʍǆ5fRnm%IψJMRESET
2ĵ;ψD#έɡ`RPfMÂC5̺ů#*@@ RESET M̡2%I2χέɡþ
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
 
4 
Ν!J0#@*C5έŅęć!J&χRESET 7͙4ψǕǒřĎ17χ6 SET
2 RESETċÇM˽Hͫ#̡21Iψυuŋ7yRǵÇ1DċÇ%I
χyRŋ7uǵÇ17ċÇ#425ɝǄ#0ε*ψφ 
 
 
Ń 1-3 ǕǒřĎ6fRnm]ʕ͏6ȿƢŃ 
 
 
Ń 1-4 (a)uċÇ2(b)yRċÇ6 I-Vʋƿ6ȿƢŃ  
˖ 1˔ Ɯ͈ 
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1-3tc459bO5):_Ę 
ǕǒřĎʕ͏7Ǿś6·ĎʉEńÄέ̴͖1Őĳ!J0Hχ(6˭AĬL'7śƈ5ɲIψ
(1χITRS20136Őĳ5Ŏ/0ǕǒřĎMöμ#̣ 1-25@2C*ψ 
 
̣ 1-2 ~QrŋǕǒřĎ6öμ[3] 
D
ev
ic
e 
na
m
e 
• Electrochemical 
metallization 
memory (ECM) 
• Conductive bridge 
memory (CBRAM) 
• Nanoionics-based 
ReRAM 
• Redox-based 
ReRAM 
• Atomic switch 
• Valence change 
memory (VCM) 
• Oxide-based RAM 
(OxRAM) 
Thermochemical 
memory (TCM) 
Non-Filamentary 
ReRAM 
St
ru
ct
ur
e 
Active electrode / 
Solid electrolyte / 
Inert electrode  
Ohmic electrode / 
Metal oxide / 
Inert electrode  
Inert electrode / 
Metal oxide / 
Inert electrode 
Inert electrode / 
Perovskite / 
Inert electrode  
M
ec
ha
ni
sm
 
• Metallic filament 
• Redox reaction 
• Oxygen vacancy 
filament 
• Redox reaction 
• Oxygen vacancy 
filament 
• Thermal reaction 
• Oxygen vacancies 
• Redox reaction 
Po
la
rt
y 
Bipolar Bipolar  Unipolar Bipolar 
M
at
er
ia
l 
• Cu/Ta2O5/Pt [13] 
Ag/Ag2S/Pt [14] 
Pt/TaOx/Pt [15] 
Ti/TiO2/SrTiO3/SiOx/
n+Si [16] 
Pt/NiO/Pt [17] 
Pt/TiO2/Pt [18] 
Pt/SrTiO3/Ti [19] 
Ti/PCMO/SRO/STO 
[20] 
 
ǕǒřĎʕ͏6q7χ˱˸Ä̝̌£5έʠ͙́1ƩǊ!J*Ƃǎʨ5Ǖǒ6Âέɡzf2
4Ižέƿ~QrƩǊ2ɪɸM˽Hͫ%~Qrŋ2χέȺ2˱˸Ä6ʠα1
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
 
6 
͙I·Ď΁àġƻ5͙ŀ%Iʠαŋ6 2ˍμ5ŝû!JIψ@*χ~Qrŋ7Ȣȁ
Eʋƿ5F-0 3ˍμ6qǪȵ!J0Iψ 
 .ʭ7 Electrochemical metallization memory (ECM)E Conductive bridge memory (CBRAM)χ
Atomic switch2ĵ8J0I]1Iψ6]7RWĎ#*έȺ6΃ǚǽ#
΋ƅȬɁMÇI21χžͱ~QrMƩǊ%Iψ(6ȼͳ7ɠƿέȺωRW¾žÄω
ɠƿέȺ2ΰŻˊȼͳ1IψɠƿέȺ57 AgE CuχNiχɠƿέȺ57 PtχRW
¾žÄ57 TaOxE Ag2SÉLJχ˨ť7yRfRnm]Mʾ%ψ 
«.ʭ7ÍǾřĎ Valence change memory (VCM)E Oxide-based RAM (OxRAM)2ĵ8J0
I]1Iψ67žͱ~Qr·˨ɃǮ1ƩǊ!JIψ·˨ɃǮ27˱
˸ÄG·˨Ǔ0*Dέťs!JZPʦʘ#0Iʍǆ1Iψ@*·˨
ɃǮ̎ÄċZP24I2D̂GJIψ 
.ʭ7 Thermochemical memory (TCM)2ĵ8JIuŋ61Iψȼͳ7Żˊ
ʨ1HχȘD̔ʨ4D67 Pt/NiO/Pt ȼͳ1Iψ~Qr7·˨ɃǮŋEχNi ΋ƅ~
QrŋŐĳ!J0Iψ 
ľ.ʭ7 Non-Filamentary ReRAM2ĵ8JIyRŋ61Iψ·Ďʉ57 SrTiO3
436fXRr·ĎʉÉLJχέȺ2·Ďʉ6ʠα6æζŌ1·˨ɃǮEmeZ
P5FI·Ď΁àġƻ͙IψέȺʠα16ġƻ4*CχONǕǒ2 OFFǕǒέȺαˎ6
˺ſ22D5ɱƀ%IÌŨƿMʾ%ψ6Ƚ4ʋƿ6*CχƵ˪Ď57;!4ψ 
 %=06ʕ͏Möμ#0I6F5ƽIχVCM2 TCM6Xug5Ι#07͈͌
6ÆŇIψʋ5˨ťαˎMſ!#*őĬ57~Qrŋ1K2Dʠαŋ6F5
ǠI̓2D̵LJ0Iψ 
  
˖ 1˔ Ɯ͈ 
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1-4tc459ÔÙàã*;>+ 
 ΋ƅ·ĎʉMʚ*ǕǒřĎɝʭ!J*67 2000 ƙµ5å-0G621Hχ
(JGL& 15 ƙ#ˮ-045DǘLG&J@15ˎA0*ēžÄƵ˪ćƍ
̥˾6͵Ɇ5F-0 Gbit˧6D6@1Ηʦ!J0Iψ##χǕǒřĎʕ͏̎Ä7(JFHD
&-2¶ĀGʷGJ0*ψ1χǕǒřĎ6ʢɈṂ 1-3 5ʾ%22D5χ(6ʹ
ːˮ˷MÓʵ%I[21]ψ 
 
̣ 1-3 ǕǒřĎ6ʢɈ 
ƙ õȦª Ref. 
1962 Hickmott Al/Al2O3/AuˎƆȼͳ1͐ƿǕǒʕ͏MŐĳ [22] 
1964 Ni~Qr͙ŀ#* NiǑ6fRnm]Őĳ!JI [23] 
1965 Nb/Nb2O5/BiˎƆȼͳ1yRfpfRnm]M̲ɴ [24] 
1968 Cu/TiO2/TiˎƆȼͳ1DyRfpfRnm]M̲ɴ [25] 
1971 Intel EPROMMʦȊ [26] 
1976 RW¾žÄMÉ-* AgqsRs5FIfRnm] [27] 
1986 ̒ƉŶŘΧɐ5F-0 NANDŋ~ndΗʦ!JI [28] 
2000 zf͙́Ǭʦƿʦ̣!JI  [29] 
2000 IBMfXRr·Ďʉ1fRnm]M̲ɴ  [30] 
2002 ˠ SHARP PCMOMÉ-* 64 bityRŋ RRAMMʦ̣ [31] 
2004 Samsung΋ƅ·Ďʉ NiOMÉ-*uMʦ̣ [32] 
2007 Fujitsu 100 uA, 5 ns6ςͲhnrċÇMŰʕ  [33] 
2008 Hewlett-Packard memristorMʦ̣ [34] 
2010 AIST 128 kbit ReRAMPRmnMŐĳ  [35] 
2011 SamsungϊD\fRr2Ŋʮ ReRAMMŐĳ [36] 
2011 dtfǞċMʾ% Ag2SĜťfRnmMŐĳ [37] 
2012 ELPIDA(ʕ Micron) 64 Mbit-ReRAMMʦ̣ [38] 
2013 fre\f2#0 SSDɭ͢Ǫȵ!JI [39] 
2014 LEAPĜťˋċŋfRnmM˭AͧN+͈ʖĿ͝MŐĳ [40] 
2014 Toshiba2 Sandisk 2Ɔȼͳ 32 Gbit ReRAMMʦ̣ [10] 
2014 Micron2 Sony 16 Gbit Cu ReRAMMʦ̣ [41] 
 
ǕǒřĎʕ͏6ʹː7 1962 ƙ5ΡȺ·Ďɛ1ƩǊ#* Al2O3 5΋MέȺ2#0̛ʳ#*
Al/Al2O3/Auȼͳ1ʦ̭!J*͐ƿǕǒ5˕Mʦ%I[22]ψŐĳ17˱˸ʺŗEˑΘέ̘þΝέɡ
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
 
8 
Xug6×̧2#0ǞGJ0Iψ1964ƙ57ȅ5χʄ·Ď1ƩǊ#* NiǑ̝(230 
µm)50 Ni ~Qr6ƩǊ2ɪɸMĜŀ2%IfRnm]Őĳ!J0I[23]ψŃ
1-57W. R. HiattɐG 1965ƙ5Őĳ#*yRfpfRnm]6έɡ	έŅʋƿ1I
[24]ψƫG7χNbȩMΡȺ·Ď#0ƩǊ#* Nb2O5̝̌5έȺMŏˎ#* Nb/Nb2O5/Biȼͳ5
0χyRfRnm]ʦʕ%I2MŐĳ#0Hχ`}k65ƻ
ʚ1Iħ̉ƿMͬ=0Iψ 
 
 
Ń 1-5  Nb/Nb2O5/Biȼͳ6ǕǒřĎfRnm]([24], W. R. Hiatt, et al. 1965) 
 
 
Ń 1-6 (a)AgqsRs5FIfRnm]6κƵΔÞ2(b)ȿƢŃ([27], Y. Hirose, et al. 1976) 
@*χ·Ďʉ¶Ś16fRnm]DŐĳ!J0Iψ1976ƙχY. HiroseɐG7έȺΘ5΋ƅȬ
˖ 1˔ Ɯ͈ 
 
9 
Ɂ2#0qsRsMƩǊ#χ(6ǧ˲2Ȃ̤5FIĊȫMŐĳ#0I[27]ψŃ 1-6(a)
7 Ag qsRs6κƵΔÞ1IψAu έȺ5vYpQχAg έȺ5epQέŅMęć
#*2χRW¾žÄ1IP~Of As2S36£5 Ag έȺGRWR]d
#* Ag AuέȺÛ1ǊΕ# AgqsRsMƩǊ#0IȽťLIψŃ 1-6(b)5ʾ#*
67ȿƢŃ1IψAgέȺÛ1RWĎ#* Ag+RWŻİέȺ1΁à!Jχ΋ƅȬɁMÇIψ 
 ǬʦƿǕǒřĎʕ͏6ʹː7 1960ƙµG 1970ƙµ@1˲0*ψ##χƨȎ6ǐ̢
ą17·ĎʉERW¾žÄMÉ-*6ΨˎĎ7ŁΫ1-*ψ(J5ć 1971 ƙ57
intel Electrically Programmable Read-Only Memory (EPROM)Mʦ̣#[26]χ1980ƙµ5åI2χ
DRAMEέ̘̜ˎŋǬʦƿNAND~nd[28]436d`p\we
6Ĩη5F-0ǕǒřĎ6ʹː7Ͱ˱*ψ2Kχ21¡˥54I2d`p\w
eDǊʃĎ#χ(J@1Ƶ˪Ď5F-0ƿ̉Mİ!'0*refkE~nd
χƵ˪Ď6ʉʖʨ4Νʠ5ýͻ#F2#0Iψ(6*C5χȅŨ6qyRf2ʤ4I
ĜʖMǛ.qyRfƹ̫24-*ψ(6F4ʍɚ1χIBMfXRrˤ·ĎʉMÉ
-* Au/Cr:SrZrO3/SrRuO3ȼͳ6˨ťMʦ̣%I2[30]χ·ĎʉMÉ-*ǕǒřĎ5
í:ɝʭΨ@Hχ(J@16d`p\we5F-0ʦƄ#0*Ƶ˪Ďǐ̢5F-0χ
ǕǒřĎ7ʴΘ5ΨˎĎ!J*ψˠ SHARP7 64 bityRŋ RRAMM 2002ƙ
5ʦ̣[31]χ2004ƙ57Samsung΋ƅ·ĎʉNiOMÉ-*uŋMʦ̣#*[32]ψ
Ϳˋ΋ƅ·Ďʉ2J@16 CMOS 2ʯƿ6̕Ȣȁ6*CχReRAM 6ʹː7ćͲ#*ψ
Fujitsu[33]E AIST(National Institute of Advanced Industrial Science and Technology)[35]χELPIDA(ʕ
Micron)[38]7ƙMͭɎ5Ƶ˪ĎχΨˎĎ!J*Mʦ̣#*ψ2014ƙ57Toshiba2 Sandisk
 2Ɔȼͳ 32 Gbit ReRAMMʦ̣[10]χ@* Micron2 SonyD 16 Gbit Cu ReRAMMʦ̣#0I
[41]ψ@* K. Takeuchiɐ7 ReRAM2 NAND-Flash6ɭ͢mnMǪȵ#0I[39]ψǕ
ǒřĎ6ʹːȡȳĎ#0G6Ɉĩ7ɣD66χŰʚĎ5İ06Ηʦ7ŝ5͵N
1I2̵Iψ@*χȘͪ17χǬʦƿǕǒřĎʕ͏M2#0+14χû6ƻʚ
ÊDŐĳ!J0Iψ2008 ƙ57χHewlett-Packard  Pt/TiO2/Pt ȼͳMÉ-0fk
(memristor: memory-resistor)Mʦ̣#*[34]ψfk27ɡJ*έɡ6Ί5F-0ǕǒřĎ
%I˨ť1Iψ2011ƙ57 T. Ohno ɐG Ag2SMÉ-*˨ť50χ̋6dtf5À*
ċÇM%Iu˨ťMʦ̣#0I[37]ψJ7˨ť̎Ä5̋ɂ̉MǛ*'*`}
kΗʦ1I2#0ɝʭ!J0Iψ@*χLEAP(͚ÂέŅqyRfǐ̢ʹː˭Ĭ)7χCu
΋ƅȬɁMÉ-*ĜťfRnmMíȼǊħ͈̉ʖĿ͝2#0ƻʚ#0I[40]ψ 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 1-7 fRnm]ͲƟ2̄¦ƿ5FIīˍ·Ďʉ6Á˾/ψğ̂Ȁʑ6ʣĪMŃ£
5ʾ#0Iψ 
 
 ǕǒřĎ7Ƚ4Ȣȁ6˭AĬL'ʹː!J0Iψ(1χȢȁ΀ǔ6ǜΌ5%=
χͿˋ΋ƅ·Ďʉ5ɝʭ#χIEEE International Electron Devices Meeting (IEDM)1Őĳ!J0
ID6M£Ƹ5 6ˍμ66fRnm]ͲƟ2̄¦ƿ5FIÁ˾/MŃ 1-75ʾ#*ψ
TaOx7 1012Ŀ2ȘDς̄¦ƿMʾ#0I[42][43]ψ@*χHfOx7 1 ns¶2ȘD
ςͲ4fRnm]Ű̻!J0I[44][45]ψ(6³17χTiOx[46]χWOx[47]χNiOx[32][33]χ
CuOx[48]43ςͲfRnm]ħ̉4Țą×̧2#0ʹː!J0Iψ 
 ǕǒřĎ6ƾɻ4͵Ƅ7ID66χNAND~nd7³6MŮæ5˾
ǫI@157̏-04[3]ψ(J7χfRnm]Xug@+Ůæ5ʖ̴10
42χ˨ťʋƿ6yoZŝŝ̮ȿΨˎĎ7ŁΫ1I2̫ŀ2#0ǞGJ
IψD#ċÇĜʖ6̿˪4̴Ȋ͵C8χʍǆ68G.5FIͅAͧAU43MΛ2
1I436ƿ̉İ<˼I+14χċÇͲƟEƵ˪Ď6Șˬýͻɿ̭ˎDGJχ±
Ư6ǐ̢ʦƄM©ɴ%I2Dħ̉1I2ȝƮ!JIψ(1χɄ5Xug̴Ȋ5.0
6J@16ʹːM˫²%Iψ 
 
1-5ā084>*čVêÔÙ 
ǕǒřĎ7̨ĸĎ5İ*Ηʦ»ȹ5F-0̡LJ0IȄ1χċÇĜʖ5Ι#07
ʖ̴đö4΃öDIψ(6̫ŀ2#07~Qrtwf^1I2E˱˸̌
£5ƩǊ!JI2ǞGJIψ(F4ŁΫ4ʍɚ17IχȽ4PRqP5F-0
ċÇĜʖ6̴Ȋ5İ*ʹː̡LJ0Iψ 
 S. C. ChaeɐG7 Contact Atomic Force Microscope (c-AFM)Mʚ0fRnm]ĀƯ6·Ďʉ
̣α6έɡÞM̲Ÿ#*(Ń 1-8)[49]ψ6Ȅɛ7žͱ~Qr6őǎMʋů1I22D5χ
˖ 1˔ Ɯ͈ 
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(6žͱζŌ 310 nm ˌƟ22MȊG5#*ψ6˯ȫGDLIF5χ~Q
rŋ6ǕǒřĎ17Ƃǎʨ5ƩǊ!JIέɡzf(6ċÇĜʖ5ΙL-0I
2ʾĺ!JIψ 
 ~Qr7twf^1IχD#ʮǧ̲Ÿ%I21J8χ(J5F-0ċÇ
Ĝʖ̴Ȋ6*C6Țʪ4ǂŐƲGJI2̂GJIψ(6F4ǝǌʨ4̽Aͯ͹ŋέťκ
ƵΔMÉ-0̡LJ0I[18][50]ψD. H. KwonɐG7χŃ 1-9(a)6ȿƢŃ5ʾ% Pt/TiO2/Ptȼͳ
50χfRnm]M̡2χ΃έȺ6΃Ń 1-9(b)6F5ĲνN1I2MŐ
ĳ#*[18]ψƫG76´ͪ50χͯ͹ŋέťκƵΔMÉ-0˨ť6Ȃα̲ŸM̡ Magneli
ʯ2ĵ8JI Ti4O7ʯ¾ž5Ŵ %I~Qr+2Őĳ#0I (Ń 1-9(c))ψ 
 
 
Ń 1-8 c-AFMMÉ-*žͱ~QrζŌ6ʋůχ(a)ȿƢŃχ(b)fRnm]ʋƿχ(c)~V
]Ư6ÂǕǒʍǆ(LRS)6έɡÞχ(d)RESETƯ6ςǕǒʍǆ(HRS)6έɡÞ([49], S. C. Cha 
et al. 2008) 
 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 1-9 Pt/TiO2/Pt˨ť5I~Qr6̲Ÿχ(a)ȿƢŃχ(b)~V]Ư6΃έȺ6
α SEMÞχ(c) Magneli phase (Ti4O7) ([18], D. H. Kwon, et al. 2010) 
 
1-6 Cu/SiO2/AuÝx
084>*āĔoð 
 ͯ͹ŋέťκƵΔ5FI̲ŸG7χ~Qr6ȼͳMʖ̴%I*C5Țʪ4ʷ̭ƲG
JIψ(1χǋ7 Cu/SiO2/Au˨ťMÇ̨#χͯ͹ŋέťκƵΔ5FI˨ť6Ȃα̲Ÿ2Ǖǒ
6ɳƟÌŨƿ5FI¾žXug6̼ÍM̡-*ψCu7έȺ2#0 Conductive bridge memory 
(CBRAM)6έȺ2#0̕ʚGJ0I[51]ψ@*χSiO27 CMOS50̱ķƿ6ςȢȁ
1Iψ˨ť6Ç̨57~Vrj]~QMʚ*ψÇ̨#*˨ť6ȿƢŃMŃ 1-10(a)5ʾ
%ψ˨ť7\fyŋ2#χ®Ə΃öǕǒřĎ24IψέȺ6αˎ7 10×17 µm21
Iψ®Ə΃ö6Ȃαȼͳ6ȿƢŃMŃ 1-10(b)5ʾ%ψ΃6 Au7ZnƆ1IψÇ̨ȥ¹
6̿˪7´Α5ʾ#0Iψ 
 
˖ 1˔ Ɯ͈ 
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Ń 1-10  Cu/SiO2/Au˨ť6ȿƢŃχ(a)˨ťƩʍχ(b)Ȃαȼͳ(TE:΃έȺχBE:΃έȺ) 
 
 
Ń 1-11 (a) Cu/SiO2/Au˨ť6ufRnm]ċÇ2(b)yRfRnm]ċ
Ç 
 
 Ń 1-11(a), (b)5χuċÇ2yRċÇ6êŋʨ4fRnm]ʋƿMʾ%ψ
uċÇ17χ2.8 V<έŅMfR#*2χOFFʍǆG ONʍǆ< SET#*ψ
Į$Ⱥƿ6έŅMí:ęć%I2 0.7 V1 ONʍǆG OFFʍǆ< RESET#*ψyR
ċÇ17-8 .2 V1 SET#χ4 V1 RESET#*ψSETċÇȎ6έɡ`RPf7(J)J
;÷4ÙM̺ů#*ψCu/SiO2/Au˨ť7«.6kR6fRnm]Mʾ#*ψ Ń 1-127˨ť
έȺ6α SEM Þ1IψfRnm]ɴůĀ7˨ṭ̌α5ʭ˓-*˚ǎ74(a)χSET ċ
ÇƯ57έȺ6Une5ȊI΃öʕJ0I(b)ψJ7 D. H. KwonɐG6 TiO2˨ť2ĮȽ
5eʄ1έȺřƩ#*΃ö1I2ƽLJI[18]ψ(6έȺřƩ΃ö6Ȃα TEM̲ŸM
̡-*υŃ 1-13(a)φψ%I2χSiO2Ɔ6ë΃5ˢťʍ6D6ʻ̀1*ψīɿ5I EDXF
IůΊöȪ6˯ȫMŃ 1-13(b)5ʾ%. CuέȺ5ͪöȪɿ a2 b17 Cunm1HχAuέȺ
5ͪ d2 eχ@*£Ƹ΃ö6 c17 Aunm1I2LIψ62GχέȺGǚ
ǽ#* Cu E Au ˢťʍ54-0 SiO2£5ǚǽ#0I2LIψȂʆʨ4̲Ÿ#10
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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4*Cχ~Qr27Ȃů14D66χέȺřƩ΃öfRnm]5ΙÏ#0
I2LIψ 
 Ʉ5(J)J6ʍǆ6Ǖǒ6ɳƟÌŨƿM̼Í#*ψŃ 1-14(a)7 ON ʍǆ6Âɳʋƿ1Iψ
ɳƟ6Â5¿ǕǒDɱƀ#0I2Gχ~Qr΋ƅʨƿ͖MǛ.2LIψ
ȄχŃ 1-14(b)5ʾ#* OFFʍǆ17 300 KG 180 K´ͪ@17χǕǒǜǾΙǾʨ5ŕć
#*ψJ7ʄɠƿŋ6¾ž1HχɄƢ1ʾ%n}]¾ž5FI~QnpQ];ƨ1
I2ƽLJI[52]ψ 
 lnσ ∝ −AT! !!!!                            (1-1) 
 
1σ7¾žʒχT7˱ŻɳƟχA7ůǾχd7n}]6Ʉà1Hχ(J)J6Ʉà5F
-0 
Ʉàn}]¾ž: d=1 62T!!! 
«Ʉàn}]¾ž: d=2 62T!!! 
Ʉàn}]¾ž: d=3 62T!!! 
 
24Iψn}]6ɄàMúû%I67ŁΫ1Iψ17Ʉà6yPen
}]¾žM·ů#0~QnpQ]M̡-*ψOFFʍǆ6 ln I vs T-1/4nrMŃ 1-14(c)5ʾ
%ψ300 KG 184 K6Θ17ʮ˴6ΙÏMʾ%ψ62Gχςɳ(T > 184 K)16 OFFʍǆ
6¾žXug7ʄɠƿŋ6yPen}]¾ž1I2LIψZP
6n}]bRr2#07χSiO2Ɔ£5ģHɊ!J*6~Qr6Ɋρ43̂GJIψ
JG6˯ȫMD25χONʍǆ2 OFFʍǆ6~Qr6ȿƢŃMŃ 1-155ʾ#*ψONʍ
ǆ17έȺȢȁ1I Cu2 Au SiO2£5ǚǽ#χ~QrMƩǊ%IψOFF ʍǆ17~
QrȂ˴#ˢť24-* AuE Cu SiO2£5Ɋʡ#0I2̂GJIψTEM5FI
˨ť6Ȃα̲Ÿ2Ǖǒ6ɳƟÌŨƿ7~QrMʖ̴%I*C5Țʪ4ǂŐM Iψ 
(¥͈Ȁ[2]όS. Otsuka, T. Kato, T. Kyomi, Y. Hamada, Y. Tada, T. Shimizu, and S. Shingubara, 
“Temperature Dependence of Resistance of Conductive Filament Formed by Dielectric Breakdown”, Jpn. 
J. Appl. Phys., 52, 06GF04, (2013)) 
 
 
˖ 1˔ Ɯ͈ 
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Ń 1-12 ͘ȰŋέťκƵΔ5FI Cu/SiO2/Au ˨ť6̣αÞψ(a)fRnm]ɴůĀχ(b)SET ċ
ÇƯ, ǡåŃ7έȺ̼Í6ǚŝŃψ 
 
  
Ń 1-13 (a)έȺřƩ˚ǎ6Ȋ̯ΉȂα TEMÞ, (b)īÁ˾16 EDXöȪ 
 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 1-14 (a) ONʍǆ2(b) OFFʍǆ6Ǖǒ6ɳƟÌŨƿχ(c)OFFʍǆ6yPen}
]¾ž5FI~QnpQ] 
 
 
Ń 1-15 ONʍǆ2 OFFʍǆ6ȿƢŃ 
 
 
˖ 1˔ Ɯ͈ 
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1-7 Ni084>*čVêÔÙ 
 ǕǒřĎʕ͏7ƻʚ6*Cχ@*̑Ĵɬʉʖʕ͏6̴Ȋ6*Cχˣąʨ5ʹː̡L
J0HχJ@15DȽ4Ȣȁʹː!J0Iψ(6Ȣȁ2#07χun^E`yr
436ƧʼƿȢȁDśÉLJ0H[53]χNi~Qr5͙ŀ%IǕǒřĎʕ͏DŐĳ!J
0I[17], [23]ψ~Qr6ʼɑʋƿ7ǕǒřĎMέʠ͙́6ǕǒřĎʕ͏6A4G
&χf}ru\fǐ̢
ψψψψψψψψψψ
[54]<ƻʚD1I2Mʾ#0Iψ(J5DΙLG&χ~Q
r6ʼɑʋƿ5Ι%Iʹː7ƀ4ψ(6F4ʍɚ6£χJ. Y. SonɐG7 Ni~Qr6
ʼɑʋƿ5Ι%IʹːMŐĳ#0I[55]ψƫG7uċÇ!'* Pt/NiO/Pt˨ť5
0χ͚¾žΊťƗɰʼȤ̶(SQUID: Superconducting quantum interference device)Mʚ0~Q
r6Ƨʼƿ{fpdfMűɳ1̲ɴ#0I(Ń 1-16(b))ψJ7χ~QrƧ
ʼƿʨƿ͖MǛ.2Mʾ#0Iψ##χSQUIDMÉ-*ɴůM%I57χƫG6Ƚ5·Ď
̌£5~QrMǾśÇHχ~Qr6Ƨʼƿd]tMƧCIƹ̫I(Ń
1-16(a))ψȄχX. L. WangɐG7Į$ Pt/NiO/Pt˨ť50DyRċÇ6D67 Ni~
Qr174·˨ɃǮ~Qr+2Őĳ#0I[56]ψŃ 1-175ʾ#*67 ONʍǆ
2 OFFʍǆ6ʼĎʼőʋƿ1IψƫG7 100 K50DȊʻ4{fpdf̲ɴ!
J042G~Qr7·˨ɃǮ5FID62Őĳ#0Iψ@*χX. Wu ɐG7
Ni/HfO2/Si ˨ť50χ΃ Ni έȺȢȁ6΃ǚǽ#0 Ni ~QrMƩǊ#0I
2MŐĳ#0I[57]ψʼɑʋƿ5.07̵Ġ#04D66χin-situ TEMMÉ-0̲Ÿ#
* Ni ~Qr5Ι%I˯ȫG7f}ru\fƻʚ2#0Έ̫4ʷ̭ƲGJI(Ń
1-18)ψ 
 
 
Ń 1-16 uŋ Pt/NiO/Pt˨ť6(a)ONʍǆ6ȿƢŃ2(b)ONʍǆ6ʼĎʼőȖ˴([55] J. 
Y. Son, et al. 2010) 
 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 1-17 Pt/NiO/Pt˨ť5I~Qr6ʼĎʼőȖ˴([56] X. L. Wang, et al. 2013) 
 
 
Ń 1-18 ǚǽNi5FHƩǊ!J*~Qr6(a)Ȃα TEMÞ2(b)à˨n}]([57] X. Wu, 
et al, 2013) 
 
1-8 Ni/NiO,.=7tc459 
 ǕǒřĎ6ÑθƿMİ!'I*C57χfRnm]έŅ6öƑMſ!%I2
ɔCGJI[58]ψǕǒřĎʕ͏6͙ɶ~Qr1I2GχfRnm]έŅ6öƑ
7l5ƩǊ!JI~Qr5͙ŀ#0I2̂GJIψ(1χfRnm]έŅ
6öƑMſ!%I*C5χtwRʍ6ǕǒřĎMÇ̨#χ~Qr68G.
MǑþ%IψtwRǕǒřĎ6Ç̨57˪ŦMȚ%IΡȺ·ĎPt(AAO)Mp
r5#*έ̴C-MÉ-*ψŃ 1-19(a)5Ç̨hf6ȿƢŃMʾ%ψ1όùC5 SiŎ
ȩ5ŵʳƆ2#0 TiMfznk#χ΃ AuέȺMfznk#*ψ(6ƯχPuSMf
znk#*ψ2όdS·ɧMÉ-0ΡȺ·ĎM̡ψ3ό·Mʚ0fPtƝ΃
6yPƆMΟĞ%Iψ4όun^έʠC-M̡ψ5ό·˨g5F-0un^tw
˖ 1˔ Ɯ͈ 
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R6΃M·Ď%Iψ6ό΃έȺ6ƩǊψğ̂6*C5 SiO2/SiŎȩ5un^Mfzn
k#χĮȥ¹1·Ď#*ƘαŋǕǒřĎMÇ̨#*(Ń 1-19(b))ψtwRǕǒřĎ
6fRnm]ʋƿMŃ 1-20 5ʾ%ψ(a)7 SET ċÇχ(b)7 RESET ċÇMʾ%ψ]~57
100bR\Mnr#0IψSETέŅ7 0.8 VG 1.4 V6ΘχRESETέŅ7 0.3 VG
0.8 V6Θ5öƑ#0IψŃ 1-20(c)5 ONǕǒ2 OFFǕǒ6ĿǾÌŨƿMʾ%ψtwRǕ
ǒřĎ6ĊȫM 100bR\ʻ̀#*ψŃ 1-215ɏ͡6*C5Ç̨#*ƘαŋǕǒ
řĎ6fRnm]ʋƿMʾ%ψSETέŅ7 4.3 VG 13.2 V6ΘχRESETέŅ7 0.8 V
G 4 V6Θ5ƛöƑ#0IψŃ 1-227«.6b6 SET2 RESETέŅ6{fr]
1IψtwRŋ5%I21χfRnm]έŅ6öƑʐ4I2LIψJ
7~Qr6ƩǊtwR5F-0Ǒþ!J*Ċȫ5FI2̂GJIψ6˯ȫ7Ǖ
ǒřĎ6Ñθƿ6İ5.4ID61Iψ 
(¥͈Ȁ[1]όS. Otsuka, S. Furuya, R. Takeda, T. Shimizu, S. Shingubara, T. Watanabe, Y. Takano, and K. 
Takase, Resistive switching characteristics of NiO/Ni nanostructure, Microelectronic Engineering, 98, pp 
367-370, (2012)) 
 
 
Ń 1-19 (a)twRŋ2(b)ƘαŋǕǒřĎ6Ç̨hf6ȿƢŃ 
 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 1-20 twRb6fRnm]ʋƿψ(a)SETċÇ(100Ŀ)χ(b)RESETċÇ(100Ŀ)χ
(c)ON2 OFFǕǒ6ĿǾÌŨƿψ 
 
 
Ń 1-21 Ƙαb6ǕǒřĎʋƿ(a)SETċÇ(22Ŀ)χ(b)RESETċÇ(22Ŀ). 
 
˖ 1˔ Ɯ͈ 
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Ń 1-22 (a) twRb2(b)Ƙȩb6 SETέŅ2 RESETέŅ6{fr] 
 
1-9ÒÑ 
 J. Y. SonɐG7χ·ĎʉƆ2#0 NiOMʚ*ǕǒřĎ50χė~Qr6
ſ!ʼɑd]tMςCI*C5χ˨ťMśǾ΅øȼͳ5#0ś6~QrMƩǊ%I
21ʼĎMɴů%I25ǊĆ#*[55]ψ##χ(J17ė~Qr6̼ÍM̡
214+14χSQUIDɛ6*C5χ˨ťæÄMɴů%I2DχĻιɿ2#0ǞG
JIψf}ru\fƻʚ[54]2#0ǕǒřĎMÇ̨%I*C57χÕ6~Q
r6̼Íƹ̫ħɃ1Iψ(1χέɡʼɑĊȫ692.1IʼɑǕǒĊȫ
ψψψψψψ
6ɴů(6
̼Í5ȚĊ1I2ƽLJIψʼɑǕǒĊȫ27χʼő5ÌŨ#0̽ȁ6έɑǕǒÙřĎ%I
ʕ͏1ʼɑhb435ƻʚ!J0I[59]ψ6Ċȫ7έɡ6ɡJ0I΃ö6ǕǒřĎ6A
Mɴů%I21Iψ(6*Cχ~Qr6Ǖǒ6AMɴů1J8χė~Q
r6ɴůDħ̉1Hχ˨ťæÄ6ʼĎ6ƘňÙ24-0#@ʼĎʒɴů6Ļι6\f
24HƲIψŃ 1-235ʾ#*67χ(6«.6ɴůȄɛ5FHȸõħ̉4~Qr6ȿ
ƢŃ1IψʼɑǕǒĊȫMʚJ8χƩǊ#*Ƨʼƿ~QrMχ̩Ǿ6őĬ1Dė6
őĬ1Dɴů%I21Iψ 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
 
22 
 
Ń 1-23 Ƨʼƿ~Qr6ɴůȄɛ6ɏ͡ 
 
 ʼɑǕǒĊȫʦʕ%I~Qr6ƩǊ7χǕǒřĎ6~QrƩǊXug
<6ʮǧ6̻ǙƲGJI6A14χċÇ5!G5f}̎ʜƟDǂŐ2#0üʚ%
If}ru\fǐ̢D´ 1Iȃ̮4˨ť6ħ̉ƿMʾ%224I61χÂɪ͔έą
.ςͲċÇħ̉4ǕǒřĎM!G5ςɂ̉Ď%I*C6Țą4Ǐɛ1Iψυf}r
u\f2ʼɑǕǒĊȫ5.07´Α AMğʂφ(1ȡʹː17χʼɑǕǒĊȫMȚ%I̩Ĭ
ɂ̉qyRf1Itw~QrŋǕǒřĎ˨ťʼɑ~Qr(Magnetic 
Filament Memory)6Ç̨Mʭʨ2#χ~Qr6ƩǊXugMȊG5%IψŃ 1-24
7ȡʹː6ʎMʾ%ȻƼŃ1Iψʼɑ~Qr7ǕǒřĎ6tw~Q
r2f}ru\f6ʼɑǕǒĊȫ2«.6ζŌM¢˓%ID61Iψ 
 
 
Ń 1-24 ȡʹː6ʎMʾ%ȻƼŃ 
 
˖ 2˔ Űπ̥˾ 
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Û2Ú }ęìå 
 
2-1ÝxOíìåð?ñR£¹ 
 9006STnr·Ď5F-0ƩǊ#* 300 nm-SiO2̌MȚ%I Si(100)ŎȩMĄΗ#*D66
5˨ťMÇ̨#*ψ˨ťzk6ƩǊ57χƵ˪ćƍ̥˾2#0 h˴MÜ*~Vrj]
~QυuWãūȲƢ½ˀό¢αf\PRt PEM-800φ2έť˴ǩʟ̥˾(ELIONIX 
ELS-7500)Mʚ*ψ΋ƅ̝̌χĠ:·Ďʉ̝̌6ŏˎ57ʮɡ]vrfznkMʚ*ψ
έȺ6ŏˎ57PaYfMÉʚ#χ·Ďʉ6ŏˎ57΋ƅk_nrMʚ0χ·˨2P
aM 1:11ɭĬ#*ġƻƿfznk5F-0ŏˎ#*ψŃ 2-1(a)5 SiO2/SiŎȩ5~Vrj
]~QMÉ-0Ç̨#*˨ť6îʲMʾ%ψ˨ť7 55 5RPSr!J0IψŎȩ
΃6ŝ4đŧę7efrd\1IψŃ 2-1(b)χ(c)7ėÄ˨ť2Ŀ͝Ǖǒ6ȿ
ƢŃMʾ%ψ˨ťM 4˕ťǧ˲ħ̉4\fyŋ5%I21΅˴6ǕǒǊöMΟχ~Q
r6ǕǒǊö6AMɴů%I21IF5#*ψ 
 ˨ť6̲Ÿ57έʠǹŽŋ͘ȰέťκƵΔ (Scanning electron microscopy: SEM, JEOL 
JSM-7500F)MÉʚ#*ψ˨ť6Ȃα̲Ÿ57ͯ͹ŋέťκƵΔ(Transmission electron microscopy: 
TEM, JEOL JEM-2100F)MÉʚ#*ψ̲ŸȎ6ćͲέŅ7 200 kV1IψTEMb6ćƍ5
7ĢȤRW|Ƶ˪ćƍ̥˾(Focused ion beam: FIB, SII SMI3050SE)MÉʚ#*ψŏˎ#*·
Ď̌6˭Ǌ6̼Í57 MgKα˴ (1253.6 eV)MÜ* X ˴ãέťöã (X-ray photoelectron 
spectroscopy: XPS, Shimadzu ESCA-3400)MÉʚ#*ψUv[Zd57χʹ˲
̌54G4ˌƟ5fznk1ŏˎ#* Au (4f7/2: 84.0 eV)MÉʚ#*ψX~QnpQ]χ
Ġ:}\öΪM̡m}\~QnpQ]57χqk̴Ȫj~rSTP Igor Pro 
Ver.6.34JMÉʚ#*ψ 
 
2-2Á|ìå±î 
 Ń 2-2 5ɴůˤ6ȻʢŃMʾ%ψűɳχĠ:Âɳ5IέɡέŅɴů2ʼɑǕǒɴůMɳ
Ɵħřʼɑydfp (NAGASE Techno Engineering GRAIL-10-205-4-MG-LV-R)2
Keithley-2400ŋɕʚjfkχKeithley-2001ŋqekmkM˭AĬL'0̡-*ψ
έɡ	έŅʋƿMfnpƖ 0.02 VχfRͲƟ 0.037 V/s1ɴů#*ψʼő6ęć57yR
έɶMʚχʮɡʼő1ɴůM̡-*ψʼ ő6̧Ʌ57YSfk(LakeShore: Model 
410)MÉʚ#*ψÂɳɴůȎ6ɳƟ7ɳƟ`r(Cryogenic Temperature Controller Model 
32)MÉʚ#0χfpe̦5ģH´GJ*ɳƟhb5F-0þƳ#*ψïĚχĠ:ćʄͲƟ
M 3 K/min5%I21χɳƟħřɴů50DbɳƟ2fpeɳƟͭƱ%I2
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
 
24 
Mʻ̀#*ψbfpe2`sns7ǠċMÂɱ%I*C5ΎC-Ώ˴5F-0
ʄʨ5ǧ˲!J0Iψɴů17`nb6Ǡċ5FIwRgMÂɱ%I*Cχ͚γɜ
RqQ]2ReSMʚ0PRM˨ť5˯˴#*ψ(J)J6ɴů̥˾6
þƳ57 National Instrumentsˀ̨ LabVIEWdfpΗʦj~rSTPMÉʚ#*ψŃ 2-37ʲˑ
ÂɳyɴůdfpMʚ0ŎȩαʮȄİ6ʼɑǕǒĊȫMɴů#0IȽťM
Gǳƪ#*îʲ1IψŎȩαʮȄİ57χΰʼƿÄ1IP2ʲΒ1Ç̨#*ɘéMʚ
*ψ 
 
 
 
Ń 2-1 (a)SiO2/SiŎȩ5~Vrj]~QMÉ-0Ç̨#*˨ť6îʲψ(b)\fy˨
ť6ȻʢŃ2(c)~QrǕǒ2΅˴Ǖǒ6Ŀ͝6ȿƢŃ 
˖ 2˔ Űπ̥˾ 
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Ń 2-2 ɴůˤ6ȻʢŃ 
 
Ń 2-3 ʲˑÂɳyɴůdfpMʚ0ŎȩαʮȄİ6ʼɑǕǒĊȫMɴů#0I
Ƚťψ 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Û3Ú Ni/NiOx/PtÝx
ÀQy 
 
3-1ª ą| 
ʼɑ~Qr6Ç̨57~Qr5Ƨʼƿ6ƿ͖MǛ*'Iƹ̫IψNiO7
Ƨʼƿ΋ƅ6·Ďʉ1HǕǒřĎ6Ȣȁ2#0ȘDʹː!J0IȢȁ692.1
HχŃ 1-7 5ʾ%F5ςͲċÇŰ̻!J0Iψ@*χ~Qrŋ6ċÇɂȼŐĳ!
J0HχƧʼƿ~QrMƩǊ%I57Ș;4Ȣȁ1I2̵Iψ##χ(6~Q
r2#07un^ĜťȬɁŋ[17][55][60]2·˨ɃǮŋ[56][61][62]63,GDŐĳ!J0
Hχȟ+5͈͌!J0IψƧʼƿ~Qr6Ç̨6*CχNiO 6~QrÅ1
õȦ0Iύ22MȊG5#4J84G4ψȄχNi MέȺ5ʚI21
Ni ~QrƩǊ!JI2-*ŐĳI[57][63]ψ(1χȡʹː17ƧʼƿέȺȢȁ
2#0 NiMέȺ5ʚ* Ni/NiO/Pt˨ťMÇ̨#χǕǒ6ɳƟÌŨƿ2˨ť6Ȃα TEM ̲Ÿ5
F-0~Qr6ȼͳMȊG5%Iψ 
 
3-2 Ni/NiO/PtÝxOí 
 Ń 3-1 5˨ť6Ç̨̡ˌMʾ%ψNi/NiO/Pt ˨ť7χ~Vrj]~QMʚ0Ç̨#*ψ
Ń 3-27˨ť6ȿƢŃ1IψSiO2Ŏȩ5ŵʳƆ2#0 10 nm Tiχ΃έȺ2#0 30 nm PtMŏ
ˎ#*ψ˲0χvYefrMʚ0΃έȺzkMƩǊχPaRW|Unm
]Mʚ0˨ť¶Ś6f\5̬LJ04΃ö6 Pt/Ti MUnm]#0΃έȺMƩǊ
#*ψNiOƆ6Ç̨57Pu·ĎɛMʚ*ψ7$Cχ20 nm NiMŏˎ#χ600 , 10 min ·
˨άłɑ1·ĎM̡-*ψ·ĎƯ6 NiO6̌ě7F( 40 nm1Iψ˲0χ΃έȺ2#
0 10 nm Ni2ZnƆ2#0 30 nm PtMŏˎ#*ψ\fέȺ6bRg7 6×12 µm21Iψ
Ń 3-3 7~Vrj]~Q1Ç̨#*˨ť6.5PRMǧ˲#*Ư6ãūκƵΔ
Þ1Iψʧã-0Iđŧ6΃öέȺχ£Ƹ΃ö6ΕȄƩ6΃ö·Ď̌Ɔ1Iψ
˨ťÇ̨6̿˪4ȥ¹7´Α5͢'0Iψ 
˖ 3˔ Ni/NiOx/Pt˨ť5IǕǒ6ɳƟÌŨƿ 
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Ń 3-1 Ni/NiO/Pt˨ť6Ç̨̡ˌ 
 
 
Ń 3-2  Ni/NiO/Pt˨ť6ȿƢŃχ(a)˨ťƩʍχ(b)Ȃαȼͳ (TE:΃έȺχBE:΃έȺ) 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 3-3 ~Vrj]~Q1Ç̨#* Ni/NiO/Pt˨ť6ŮǊƯ6ãūκƵΔÞ 
 
3-3&('>$È 
 Ń 3-45 Ni/NiO/Pt˨ť6~V]2êŋʨ4fRnm]ʋƿMʾ%ψfRnm]5F
IǕǒ6řĎȴM@*>3ŝ*C5χ]~6˹͠υέɡφMŻǾ1̣ʾ#0Iψ˨
ť5ǤIέŅ7 PtέȺMepQ2#0Iψ7$Cχ˨ ť7Ǖǒ6ςùȝʍǆGŢ@
-*ψ1.9 V´ͪ1ƾɻ4έɡ6Ȉ͙-*ƯχOFFʍǆ5ˋ-*ψȇέŅM 0 V5Ǎ#
0Gχí:έŅMęć#*ψOFFʍǆMÐ-*@@6˨ť7 3.8 V´ͪ1 1 mA6έɡ`
RPf5ͻ#*ψέŅM 0 V5Ǎ#*ƯχĮ$Ⱥƿ6έŅMέɡ`RPf6̺ůʀ
#1ęć%I2χ2.7 V´ͪ1 OFFʍǆ5Ǎ-*ψ7$C6 OFFʍǆ<6fRnm]7 Forming
hf2ĵ8J0IψOFFG ONM SEThfχ(6ͮM RESEThf2ĵ;ψ0 V
5#0DɄ6ċÇȎ5Į$ǕǒÙ1I2Gχȡ˨ťǬʦƿ1I2LIψM.-J. 
Lee ɐGŐĳ#* Pt/NiO/Pt[17]2ĮȽ5uċÇ̲ɴ!J*2GfRnm]
57χέŅ6Ⱥƿ5ÌŨ#4χeʄ5FIÅG6ȼͳřĎΙÏ#0I2ʾĺ
!JIψŃ 3-47χONOFFǕǒ6fRnm]ĿǾÌŨƿ1Iψɴů7 DCfR1̡-
*ψǕǒ7 0.1 V626Ù1IψFormingċÇƯχF( 100Ö5DĠ;ǕǒřĎ˽Hͫ!
J0Iψ38Ŀʭ6fRnm]1χͱƕ6 ONʍǆFHDǕǒÂ4I Hard breakdown͙
χfRnm]Mʾ!44-*ψfRnm]ĿǾ(ƀ4D66χNi/NiO/Pt˨ť7êŋ
ʨ4ʋƿMǛ.2LIψ 
 
˖ 3˔ Ni/NiOx/Pt˨ť5IǕǒ6ɳƟÌŨƿ 
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Ń 3-4 (a)Ni/NiO/Pt˨ť6~V]2êŋʨ4fRnm]ʋƿχ(b)ON, OFFǕǒ6ĿǾÌ
Ũƿ(̄¦ƿ) 
 
3-4 ONÉÀQy 
 Ʉ5~Qr6έɑ¾žʋƿMȊG5%I*C5Ǖǒ6ɳƟÌŨƿMɴů#*ψɴů7
4˕ťɛMʚ0χfRnm]#4˝ł6ůέɡ1̡-*ψŃ 3-5(a)5 300 KG 9.8 K@1
6 ON Ǖǒ6ɳƟÌŨƿMʾ#*ψŃ 3-4 1ʾ#*ĿǾÌŨƿ17 ON ʍǆ6Ǖǒ7 400M͛
Iχ΅˴6Ǖǒ 380ˌƟ4*Cχ4 ˕ťɛ5F-0~QrǕǒ6AMɴů%I2
65 24IψONǕǒ7 300 KG 50 K@16ɳƟζŌ1ɳƟ5ÌŨ#0>?˴Ʃ5ɱƀ#*ψ
50 K¶17χǕǒ7ɳƟ5Ż%IÌŨƿƦ4-*ψŃ 3-5(b)5 300 K2 9.8 K16έɡ	έ
ŅʋƿMʾ%ψέɡ	έŅʋƿ7ʮ˴ʨ4ΙÏMʾ#*ψJG6˯ȫ7~Qr΋ƅʨ
¾žMǛ.2Mʾĺ%Iψ##χ΋ƅʨ¾žMǛ-0*2#0Dχ·˨ɃǮ5͙ŀ#*~
Qr6őĬDI2Őĳ!J0I[64]ψ(6őĬχɄƢ1ů̀%IǕǒ6ɳƟÏǾα
űɳ´ͪ1 1.3 × 10-3 /K1Iψ 
 
                            (3-1) 
 
1 T07ŎɷɳƟχT7ºǄɳƟχR07 T05IǕǒχR7 T5IǕǒ1IψNi/NiO/Pt
˨ť17 273 KG 293K6Θ6ɳƟÏǾ7 1.96 × 10-3 /K1IψŐĳ!J0I·˨ɃǮ6(
JFHDς7IχßÁ4Ə27̵4ψɳƟÌŨƿ6A17΋ƅ~Qr·˨Ƀ
Ǯ~Qr6úȂ714ψ 
 
€ 
α =
1
R0
⋅
R − R0
T −T0
% 
& 
' 
( 
) 
* 
ǕǒřĎ5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Ń 3-5 (a)ONǕǒ6ɳƟÌŨƿ ɴů7 4˕ťÂέɡ 1 mAχ(b)300 K2 9.8 K16έɡέŅʋƿψ 
 
3-5&('>$Ýx SEMð 
 ~Qr6̲Ÿ7χžͱ~Qr6ʖ̴MɬCI*C5χΈ̫4ʷ̭M IψH. 
KondoɐG7χPt/NiO/Pt˨ť50χfRnm]ƯχέȺ̣α51*\k6F4
΃ö6˸5žͱζŌŨņ%I2Őĳ#0I[65]ψ(1χNi/NiO/Pt˨ť50DχέȺ̣
αM SEM1̲Ÿ#*ψŃ 3-65ɴůĀ2χīfRnm]Ư50̲Ÿ#* SEMÞMʾ%ψ
Ń 3-6(a)ɴůĀ6˨ť5ʭ˓-*˚ǎ74χŃ 3-6(b)~V]Ưχ400 nmˌ6\k
΃έȺ6UneR5ʕJ*ψŃ 3-6(d) 2bR\fRnm]Ư507\k
6Ƚť7@HřL-04ψŃ 3-6(f) 38bR\ʭ6 Hard breakdown͙*Ưχ\
k6ʶę6΃ö6ƩʍřL-0HχέȺ̣α6`rfrŝřL-0IψŃ
3-6(h)7(6΃ö6ǚŝŃMʾ%ψ΃έȺ7 Pt 1Hχʉ͖6˭ǊřLI27̂5χ
ȊI̭I7χƇ6Ƚ5ʫH-0*Hχ˒õ#0*H%I΃ö1I2ƽLJIψf
Rnm]Ư5ʕJ*2Gχ6őǎ7žͱ~Qr2ΙL-0Iħ̉ƿς2̂
GJIψ(1ǋ7˒͙ƩǊ΃ö6Ȃα̲ŸM̽A*ψŃ 5-7 7fRnm]Ư5ȊI΃
ö1*̽ȁ6 SEMÞ1IψŃ 3-62Į$F5~Qr2ΙÏI2ƽLJIψǡ
åŃ7`rfr6ȊI΃ö6ǚŝŃ1Iψ̣α6ƩʍȊI΃ö2ȕ΃ö1ͼ6
LIψTEM̲ŸMǚŝŃ5ʾ#*R5ə-0̡-*ψȕ΃öM” I ”χȊI΃öM“ II ”
2̸#*ψ 
˖ 3˔ Ni/NiOx/Pt˨ť5IǕǒ6ɳƟÌŨƿ 
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Ń 3-6 fRnm]˨ť6 SEMÞ(a)ɴůĀχ(b)FormingƯχ(d)2bR\Ư(f)38bR\ Hard 
breakdownƯχ(c, e, g)\k΃ö6ǚŝŃχ(h)έȺřƩ΃ö6ǚŝŃψ 
 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 3-7 fRnm]Ư6 SEMÞχTEM̲ŸM̡-*˨ť2Į6D6ψ 
 
3-6ĀănđxėČÝx¡ēð 
 Ń 3-8(a), (b)7(J)J“ I ”2“II”5Żƻ%IȊ̯ΉȂα TEMÞ1Iψ“ I ”17χʄòʖ5F
-0΢͙#*2ƽLJI΃έȺ6ôóʻ̀1Iψ“II”17 Void2ĵ8JIˏ10Iψ
1χ̌˭ǊM͇=I*C5χEDXR~ORɴůM TEMȂαŃ£5ʾ#*ʺ˴5
ə-0̡-*ψ]~6 0 nmÛ΃έȺχ100 nmÛ΃έȺ1Iψ(e)7 EDXR
~OR£6 Distance 68 nm5If\r1IψO-KUneχNi-KUneχPt-L7ö
Ϊ10HχůΊöȪħ̉1IψžͱζŌŚ6(a)507 NiOF( 1:16ůɏ1
Iψ70 nm´ͪ6 Ni6öƑ6̍GA7χNiέȺ6D61IψȄχžͱζŌë6(e)50
7χNi2 O6Ί7 1:1G&J0Iψ(J7΃έȺ6 NiƆɪɸ#0I22DΙÏ
I2ƽLJIψĎūΊ͈˭ǊɏG&J*un^·Ďʉ7~Qr5ΙÏ#0I2ƽ
LJIχ%=06ζŌM̲Ÿ#*L17461χȟ̴Ȋ4΃öDɊIψ 
 
˖ 3˔ Ni/NiOx/Pt˨ť5IǕǒ6ɳƟÌŨƿ 
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Ń 3-8 Ni/NiOx/Pt˨ť6Ȋ̯ΉȂα TEMÞχ(a)žͱζŌŚ“ I ”χ(b)žͱζŌë“II”χ(c,d)(J)
J6őǎ5I EDXR~ORχ(e) žͱζŌŚ“ I ”5I Distance 68 nm6 EDX
f\rψ 
 
3-7 OFFÉÀQy 
 Ń 3-95 OFFǕǒ6ɳƟÌŨƿMʾ%ψ300 KG 150 K6ζŌ17χǕǒ7ɳƟ6ɱƀ2è
5ǜǾΙǾʨ5ŕć#*ψ(6ƯχÌŨƿ˶E54Hχ10 K´ͪ17ɳƟ5ÌŨ#44-
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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0Iψ300 KĠ:χ9.0 K16έɡ	έŅÌŨƿ7Ƨΰ˴ƩƿMʾ#*ψ6¾žʕ͏MȊG
5%I*C5χƢ(2-1)6ΙÏMʾ%yPeen}]¾žM·ů#0~Qn
pQ]M̡-*[66]ψŃ 3-10(a)5 ln I vs T-1/4nrMʾ%ψŃ£6ʮ˴6F5 300 KG
140 K6Θ50̕ʮ˴ƿMʾ%ψ2GχςɳζŌυT > 140 Kφ17yPe
n}]¾žǶ΅ʨ1I2̂GJIψȄχÂɳ17Ǖǒξķ%IÝİ5Iψ(
1ɳƟ5ÌŨ#4rvĊȫ5FI¾žM·ů#*ψ 
                            (5-2) 
1 J7έɡŵƟχE7έőχA7ůǾ1IψŃ 3-10(b)7 ln(I/V2) vs V-1nr1Iψ1.1V
G 2.0V 6Θ1ʮ˴6ΙÏ̭GJI2Gχ9.0K 17rvĊȫ¾ž5Ƕ΅ʨ1I
2̂GJIψŃ 3-11 5 OFF ʍǆ6¾žq6ȿƢŃMʾ%ψOFF ʍǆ17ɪɸ#*~Q
r6Ɋʡʉ5F-0˦ʉɷÁƩǊ!J0I2̂GJIψ 
 
 
 
Ń 3-9 (a)OFFǕǒ6ɳƟÌŨƿ, (b) 9.0 K2(c)300 K16έɡ-έŅʋƿψ 
 
€ 
ln JE 2 ∝ −A
1
E
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Ń 3-10 (a) ln I vs T-1/4 nr5FIyPen}]¾žζŌ6̭ˎDHχ(b) 
ln(I/V2) vs V-1nr5FIrvĊȫ6̭ˎDH(at 9.0 K6 I-Vʋƿ) 
 
 
Ń 3-11 OFFʍǆ6¾žq6ȿƢŃ 
  
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
 
36 
3-8 Ni/NiO/PtÝx 
! tc&('>$È 
Ⱥƿ5ÌŨ#4uŋfRnm]Mʾ#*ψ 
! ÀQy 
ON Ǖǒ6ɳƟÌŨƿ7΋ƅʨƿ͖Mʾ#*ψȄχOFF Ǖǒ7ɳƟ6ʕ͏2è5ŕć%I
ÝİMʾ#*ψ~QnpQ]6˯ȫχ300 KG 140 K6Θ17yPen}
]¾žχ9.0 K17 1.1 VG 2 V6Θ1rvĊȫ¾ž5Ƕ΅ʨ1-*ψ 
! &('>$Ýxð 
fRnm]ƯχέȺ̣α5\kEƇ6F4έȺ6řƩ˚ǎõʕ#*ψɴůĀ5
7ůɏ1-* NiO ƆχfRnm]ƯχĎūΊ͈˭ǊɏG&J* NiOxƆ54-0
*ψ(6έȺřƩ˚ǎ6΃ NiέȺƆ7ɪɸ#0*ψ 
 
ȡ˨ťufRnm]Mʾ%2M̂ǈ%I2χNiέȺ6ɪɸ7fRnm]Ȏ6
eʄ5FIʄǚǽĜŀ2̂GJIψĎūΊ͈˭ǊɏG&J*un^·ĎʉƆʮ
ǧ~Qr2̵27Ȃů14χfRnm]Ư5\k1*2
GDfRnm]5ΙÏ#0I27̵Iψ΃ NiέȺ6ɪɸ2 NiOx6ΙÏ5.07ȊG
54-04ψ 
(¥͈Ȁ[3]όS. Otsuka, Y. Hamada, T. Shimizu, and S. Shingubara, “Temperature dependence of 
resistance of conductive nanofilament formed in Ni/NiOx/Pt resistive switching random access 
memory“ Jpn. J. Appl. Phys., 53, 05GD01, (2014)) 
 
˖ 4˔ Ni/TiO2/Pt˨ť5IƧʼƿtw~Qr 
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Û4Ú Ni/TiO2/PtÝx
Ö,.084>* 
 
4-1ª ą| 
 Ni/NiOx/Pt˨ť17χέȺ2·ĎʉĮ$ Ni1I*C5χʼƿ~QrƩǊ!J*2
#0DχέȺ5ʜȦ#0I6χ·Ďʉ5ʜȦ#0I6úȂ.5ψ(1χX. Wu
ɐG2ĮȽ5[57]χͯ ͹ŋέťκƵΔ5FI Ni~Qr6̲ŸMǃů#χ·Ď̌7 NiO17
4χΰʼƿÄ1I TiO2 Mʚ*ψTiO2 M·ĎʉƆ2#0ʚ*˨ť7uŋ6ċ
ÇM%I2#0ǾśŐĳ!J0Hχ@*χςͲċÇDŰ̻!J0I(Ń 1-7)ψέȺ57Ƨʼ
ƿÄ NiM΀ǔ#*ψŻİέȺ2#0έɑĎūʨ5ɠƿ4 PtM΀ǔ#*ψ 
 
4-2 Ni/TiO2/PtÝxOí 
 Ń 4-1 5˨ťÇ̨hfMʾ%ψÇ̨57~Vrj]~QMʚ*ψ΃έȺ6ƩǊ
57χέȺ6y6ʦʘMΛUne6ɋƏMƀ4%I*C5χvYefr2RW|
Unm]Mʚ*ψ7$C5ŵʳƆ2#0 Ti(5 nm)Mŏˎ#*ƯχPtƆ(30 nm)M΃έȺ2#
0ŏˎ#*ψeefrMzku]#*ƯχTiO2(10 nm)Mŏˎ#*ψ±Ŀ7·Ď̌6ƩǊ
5ġƻƿfznkMʚ*ψfznkȎ6·˨öŅ7usyMÉʚ#0ɡΊ Ar : O2 = 
1 : 154IF5͇˜#*ψȘƯ5χNiƆ(50 nm)M΃έȺ2#0ŏˎ#*ψȡhf7ʲ
ˑ͒1Ç̨%I27ħ̉1Hχ@*fznkmy57̣α\u]ʚPa
|437ʀ*Cχ·Ď#5 PtM΃έȺ2#*ψ˨ťȼͳ7Ń 4-2(a)5ʾ%F5
\fyŋ1IψŃ 4-2(b)7˨ť΃ö6ȂαȿƢŃ1IψέȺ2·Ď̌6ě!7ͯ͹ŋέ
ťκƵΔ5FIȂα̲ŸG̶ɴ#*ψ˨ť΃ö6έȺαˎ7 66 µm21IψŃ 4-35ʾ#*
67 TiO2Ɔ6Ȋ̯ΉȂα TEMÞ1IψŃ£6τ̖6ʶę7΅İ#*˯ȒMʾ#0Iψ6
ÞG TiO2Ɔ7ś˯ȒÄ1I2LIψ 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 4-1 Ni/TiO2/Pt˨ť6Ç̨̡ˌ 
 
 
Ń 4-2 (a)˨ť6ȿƢŃ2(b)˨ťȂα6ȿƢŃ(TE:΃έȺχBE:΃έȺ) 
 
Ń 4-3 ś˯Ȓ TiO2Ɔ6Ȋ̯ΉȂα TEMÞ 
˖ 4˔ Ni/TiO2/Pt˨ť5IƧʼƿtw~Qr 
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4-3Wđx_W¹ĈcçßñR 
 ãέťöãɛ(XPS)5F-0 TiO26à˨˭ǊM̼Í#*ψ˨ť27û5̼Íb2#0χ
Ǿtwr6 TiO2̝̌M˨ť2Į$ȥ¹1 SiŎȩ5ŏˎ#*ψŃ 4-4(a)5ʾ%F5χ7
$C5 0600 eV6RsfZM̡χīà˨6}\Á˾Mʻ̀#*ψUv[Z
d57 Au 4f7/2(84.0 eV)MÉ-*(Ń 4-4(b))ψX~QnpQ]57YSfΙǾM
ʚχyn\]Ss7ʮ˴ɛ5F-0Ə#ƣ#*[67]ψTi2pζŌMŃ 4-5(a)5ʾ%ψTi2p3/2
7ÍǾ6ͼ1Ʉ5ʾ%Á˾5Ďūd~r%I[68]όTi metal (453.8 eV)χTi2+(455.1 eV)χTi3+(456.9 
eV)χTi4+(459.2 eV)ψ̲ ɴ!J* Ti6}\7 459.3 eV461 4Í6 TiŨņ#0I2L
Iψ@*χ(6αˎ7 Ti 2p3/2: 9357.4, Ti 2p1/2: 5543.91Iψf}͞ͺʯ¬Ȱ̻5FHö̤
#*}\6αˎƧƟɏ7 2p3/2: 2p1/2=2:11I[67]ψTi6αˎƧƟɏŝ&J042
Gχ³6}\7Έ4-042ƽLJIψŃ 4-5(b)5 O1sζŌMʾ%ψO1s6}\7 530.8 
eV 2 532.7 eV5Á˾%I«.6}\Έ4-0Iψ6ëχ530.8 eV7χTiO26D61
Iψ(6αˎƧƟ7 134991Iψ 
 Ti2·˨6}\(J)JöΪ1*61χʯŻǅƟÏǾ(RSF: Relative Sensitivity Factor)M
ʚ0 Ti2·˨6à˨ɏMɔCIψ(J)J6 RSF7 Ti2p: 2.098, O1s: 0.7361Iψ̮ȳĎ#
*à˨ɼƟ Xi7ɄƢ1̣!JIψ 
 
                           (4-1) 
 
1 Ii7à˨ i6ãέť}\αˎƧƟχSi7à˨ i6 RSF1Iψ̶˛6˯ȫ Ti : O = 1 : 2.6
1-*ψ˖ɄͪÀ17ID66χ˭Ǌɏ2#0ğ̂54IÙ1IψY. C. BaeɐG7Ďū
Ί͈˭ǊɏG&J*mk·ĎʉMʚ* Pt/TiOx/TiOy/Pt50χ·˨ɃǮ¾ž5Ŵ #
0I2Őĳ#0I[69]ψ##χJ17·˨ɃǮŋ6~Qr10#@χNi~
Qr7ƩǊ!J52̂GJIψ(1χȡʹː17ĎūΊ͈˭ǊɏͱH6mk·
Ďʉț@#ψ 
O1sζŌ6 532.7 eV6}\7χ^Xd~r#* Si2p}\ 103 eV´ͪ5̲ɴ!J0
I2GχSiŎȩ6̎ʁ·Ď̌5ʜȦ%ID62̂GJIψSiO27ŎȩʜȦ6D6461q
yRfʋƿ5ƪδ74ψ 
€ 
Xi =
Ii /Si
I j /S j( )
j=1
n
∑
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 4-4 SiŎȩ5ŏˎ#* TiO2̌6ãέťöãf\rψ(a)RsfZχ(b)Au4f7/2ζŌψ  
 
  
˖ 4˔ Ni/TiO2/Pt˨ť5IƧʼƿtw~Qr 
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Ń 4-5 SiŎȩ5ŏˎ#* TiO2̌6ãέťöãf\rψ(a)Ti2p3/2ζŌχ(b)O1sζŌψ 
  
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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4-4&('>$È 
 Ń 4-6(a)5 Ni/TiO2/Pt ˨ť6êŋʨ4fRnm]ʋƿMʾ#*ψ1χNi/TiO2/Pt ˨ť6
ON/OFF ɏ7Ǿȴ5DĠ;*CŻǾf^1έɡMʾ#0Iψ˨ť6ùȝʍǆ7ÂǕǒ1
IψPt έȺ5epQyRPfMęć%I2 2V ´ͪGư5έɡɡJ7$Cχ4.3 V 1
Forming͙*ψ7$Cέɡ`RPf7ͱƕFHDſ!#*(10 µA)ψέŅM 0 V5
#0DǕǒʍǆ7 OFF 6@@Ð*J0Iψ˲0 OFF ʍǆ6˨ť5epQέŅMęć%
I2 2 V´ͪ1έɡƾɻ5Ȉ#χ100 µA6έɡ`RPf5ͻ#*(SET)ψέŅM 0V
5#0DÂǕǒ1I ONʍǆÐ*J0Iψ ONʍǆ6˨ť5í:epQέŅMęć%
I2χ1.3 V ´ͪ1έɡƾɻ5ɱƀ# OFF ʍǆ<2Ǎ-*(RESET)ψNi/TiO2/Pt ˨ť17 SET
2 RESET ċÇĮ$Ⱥƿ1̲ɴ!J*2GuŋfRnm]˨ť22
LIψ.@H6˨ť6fRnm]ɂȼ7χȺƿ6ΙÏ4ʄǶ΅ʨ22Mʾĺ#
0Iψ 
 ˲0Ń 4-6(b)5˨ť6fRnm]ĿǾÌŨƿMʾ%ψ1ǕǒÙ7 0.1 V 1̶˛#*Ù
1IψùȝʍǆG OFFʍǆ<6fRnm]%IȘù6 FormingċÇ6ƯχÅƟέɡMf
R!'χư5ǕǒM*ψ6ʍǆM iζŌ2ů̀%IψiζŌ6ƯχON/OFFɏ 3ȴ
¶IfRnm]ζŌ<ˋ-*ψ6ʍǆM ii ζŌ2ů̀%IψON ʍǆů5̭I6
7΅˴Ǖǒ(795 Ω)MıB*C1IψȄχOFFʍǆ17˨ťŝ4ǕǒMǛ.*Cχ΅˴Ǖ
ǒ7ʀ̯1Iψ50 bR\>3fRnm]M˽Hͫ#*Ưχb7Ⱥ˕5ǕǒÂ
4H(΅˴Ǖǒ+˨ťǕǒ = 840 Ω)fRnm]Mʾ!44IxsR\lSM͙#
*ψ˨ť5F-0fRnm]ĿǾ58G.7śƀID66χ˨ť7ŝǕxsR\l
S5F-0fRnm]Mʾ!44Iψ 
 Ʉ5 ONʍǆ2 OFFʍǆ6ȎΘÌŨƿMŃ 4-6(c)5ʾ%ψIȎΘΘΤM*Ưχ0.5 VMę
ć#0ǕǒÙMɴů#*ψ ON ʍǆ2 OFF ʍǆ7χè5űɳ1 1 Ȇ¶6qkÐǛʋƿMǛ
.2LIψfRnm]ĿǾ(ƀ4D66 Ni/TiO2/Pt ˨ťqyRf2#0ɂ
̉%I2Mʻ̀#*ψ 
˖ 4˔ Ni/TiO2/Pt˨ť5IƧʼƿtw~Qr 
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Ń 4-6 (a)Ni/TiO2/Pt˨ť6 Forming2êŋʨ4fRnm]ʋƿχ(b)fRnm]6ĿǾÌŨƿ
(̄¦ƿ)χ(c)ONʍǆ2 OFFʍǆ5ȎΘÌŨƿ(qkÐǛą) 
 
4-5 ONÉÀQy 
 ~Qr6έɑ¾žXugMȊG5%I*C5χON ʍǆ6Ǖǒ6ɳƟÌŨƿMɴ
ů#*ψŃ 4-7(a)5 300 KG 9.8 K@16Ǖǒ6ɳƟÌŨƿMʾ%ψǕǒ7 300 KG 50 K@
1ɳƟ5ÌŨ#0ɱƀ%IÝİMʾ#*ψ50 K¶17χǕǒ7ɳƟ5Ż%IÌŨƿ7Ʀ4Hχ
19 K´ͪ1ɳƟ5Ż#0ů24-*ψŃ 4-7(b)5 300 K2 9.8 K16έɡ-έŅʋƿMʾ%ψf
Rnm]'&χ.χǕǒřĎ͙4˝ł17ʮ˴ʨ1IψJG7~Qr΋
ƅʨ¾žMǛ.2Mʾĺ%Iψ 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 4-7 Ni/TiO2/Pt˨ť65I(a)ONʍǆ6Ǖǒ6ɳƟÌŨƿ2(b)έɡ	έŅʋƿψ 
 
 έɑǕǒ7, ɳƟ5ÌŨ#4˦ʉ5FIǕǒρi (impurities)2ɳƟ5ÌŨ%IȳťǠċ5F
IǕǒρp (Phonon)6ķ1̣!JIψJM Matthiessen6ɛÿ2ĵ;ψ%4L, 
 ρ T = ρ! + ρ! T                           (4-2) 
 
24Iψʋ5ƧʼƿÄ17 s-dʯ¬Çʚ5FIf}ǽ§ρm (Magnon)6ƪδćLH 
 ρ T,H = ρ! + ρ! T +ρ! T,H                           (4-3) 
 
2ȗI[70]ψ1 H7ʼőƧƟ1IψT  0 KχH 0 T17ρ(0,0) = ρi24I*CχÂɳ
16ɊʡǕǒ7¥5˦ʉǽ§5FID61Iψ6Âɳ´ͪ6Ǖǒů24IÙ2űɳ16
ǕǒÙ R300K6ɏMɊʡǕǒɏ(RRR: residual resistivity ratio)2Ʉ6F5ů̀!JIψ 
 
                             (4-4) 
 
17Ǖǒů6ɳƟM 10 K 2#*ψ6 RRR 7˦ʉɼƟ6̼Íɛ2#0ʷGJ0Iψ
Ni/TiO2/Pt ˨ť6 RRR 7 1.45 1Hχ˦ˡ4΋ƅFHDɊʡǕǒςψOkamoto ɐG6
Cu/TiO/PSE(5nm)/Ru (PSE: polymer solid-electrolyte)˨ť6 ONʍǆ50Dχ(6 RRR7 1.15
1.471Hχǋ6˨ť2ĮˌƟ1I[71]ψƫG7΋ƅ Cu~QrƩǊ!J0I2
#4GDχ(6ςɊʡǕǒM˦ʉǽ§Ĝŀ2Őĳ#0Iψǋ6˨ť50Dχ΋
ƅʨ4~QrƩǊ!J0Iħ̉ƿ7ςψ 
€ 
RRR = R300KR10K
˖ 4˔ Ni/TiO2/Pt˨ť5IƧʼƿtw~Qr 
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 RRR5FI̼Í7χűɳGȺÂɳ@1ɴů#4074G&χś6ʹːű1IŰπ2
7̵*ψ(6*Cχ³6ʹː]17űɳ´ͪ6ɳƟÌŨƿMɴů#χƢ 3-1 5ʾ#
*ɳƟÏǾα5F-0̼Í%IȄɛśʚGJ0Iψɏ͡6*C5ɳƟÏǾαṂ 4-15@
2C*ψNi/TiO2/Pt˨ť17 273 KG 293 K6Θ1 1.2 × 10-3 /K1IψJ. SunɐG7 Ni/ZrO2/Pt
˨ť50χɳƟÏǾα = 1.27-2.20 × 10-3 /K1I ONʍǆ17 Ni~QrƩǊ!J0
I2Őĳ#0I[72]ψȄ1χT. LiuɐG7 Cu/Ta2O5/Pt˨ť50χɳƟÏǾα = 1.3 × 10-3 
/K 62χ·˨ɃǮ~QrƩǊ!J0I2Őĳ#0I[64]ψɏ̣αˎ6ŝtw
R436Ȣȁ507χʠα16ǽ§κ̚54HχɳƟÏǾɱƀ%I2ŐĳD
I[73]ψ˦ˡ4y\6 Ni17χɳƟÏǾα = 6.6 × 10-3 /K[74]1I65Ż#0χʮƭ 200 nm6
NitwR17 4.1× 10-3 /Kχ!G5ʮƭ 30 nm17 2.1× 10-3 /K24HχRʮƭ6ɱƀ
5¿-0ɳƟÏǾɱƀ%I2Őĳ!J0I[75]ψc-AFM E TEM MÉ-*ŰπG~Q
r7twf^1I2L-0I61χ~Qr6ŝ4ɊʡǕǒ6Ĝŀ57χ
̣αD#7ʠαǽ§6ƪδDı@J0I2̂GJIψ 
 
̣ 4-1ɳƟÏǾα6ɏ͡ 
Device and materials α (× 10-3 /K) Source 
Ni/TiO2/Pt device 1.2 (273 K) This study 
Ni/ZrO2/Pt device 1.27-2.20 [72] 
Cu/Ta2O5/Pt device 1.3 [64] 
Pure bulk Ni 6.6 (273 K) [74] 
φ 200 nm Ni nanowire 4.1 (200 K) [75] 
φ 30 nm Ni nanowire 2.1 (200 K) [75] 
 
4-6Ï£Ö¶a­ 
 Ā˜6ɳƟÌŨƿGžͱ~Qr΋ƅʨƿ͖MǛ.2L-*ψ##χ(6~
QrέȺGǚǽ#* Ni 46χ(J2D TiO2Ɔ6·˨ɃǮ~Qr5FID6
7ȊG54-04ψ(1Ʉ5χʼɑʋƿM̼Í%I21χ~Qr6ʋƿMȊ
G5%IψŃ 4-8(a-c)5ʼɑǕǒĊȫ6˯ȫMʾ%ψ@*χ x, y, zȄİ6ʼő5Ż%I˨ť΃
ö6ȿƢŃ2χʼő2˨ť6΅˾ΙÏMŃ 4-8(d)5ʾ#*ψʼő Hx7Ŏȩαë1χNi έȺ5Ż
#0ŊʮȄİ1Iψʼő HyDĮ$Ŏȩαë1ψNiέȺ5Ż#07Ƙ̡Ȅİ1Iψʼő Hz
7ŎȩŊʮȄİ1Iψ]~6˹͠ʾ%ʼɑǕǒɏ(MR ratio)7ɄƢ1ů̀!JIψ 
 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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                   (4-4) 
 
1 R(H)7Ś΃ʼő16ǕǒχR(H0)7iʼő16Ǖǒ1Iψʼő Hx2 HyȄİ1ó
6řĎ̲ɴ!J*ψʼő HzȄİ62χó6řĎ̲ɴ!J*ψŚ΃ʼő6Ȅİ5ÌŨ%I
řĎ7ʤȄƿʼɑǕǒĊȫ6ŨņMʾ#0Iψ1χ6ʤȄƿʼɑǕǒĊȫ6͙ɶMȊG
5%I*C5χ˨ť2Į$Ʃ6 Ni΅˴(Ɩ 6 µm, ěA 50 nm)6ʤȄƿʼɑǕǒĊȫMŃ 4-95
ʾ#*ψǡåŃ7ľ̳1ʾ#*ÂʼőζŌ6ǚŝŃ1IψʤȄƿʼɑǕǒĊȫ27˖ 3˔1̈́
Ȋ#*ͱHʼĎ6Ȅİ2έɡ64%̳Ɵ5ǕǒÙÌŨ%Iʕ͏1Iψ.@Hχͱƕ6Ƨʼƿ
Ä1J8χʤȄƿʼɑǕǒĊȫ6ƩGF(6έɡ6İǨɴ1IψNi΅˴6őĬ1
7χέɡ7 y͠Ȅİ5ə-0ɡJ0I*Cχʼő Hy62χó6řĎ͙0IψȄχ
Ni/TiO2/Pt˨ť17χʼő Hz62χó6řĎ͙0I2Gχέɡ7 z͠Ȅİχ.@
HŎȩ5Ż#0Ŋʮ5ɡJ0I2̂GJIψ6˯ȫ7χqyRf1̲ɴ!J*ʼɑǕǒ6
͙ɶχTiO2Ɔ6£5ƩǊ!J*Ƨʼƿ~Qr5FI2Mʾĺ#0IψŃ 4-8(d)5Ƨ
ʼƿ~Qr5ɡJIέɡ2Ś΃ʼő6ΙÏMʾ#*ψƧʼƿ~Qr6Ðʼą(Hc: 
coercivities)7χHx, Hy, Hx50χ(J)JF( 50 mT, 70 mT 100 mT1IψJG6Ù7χ
Ni΅˴6Ðʼą(Hx: 1 mT, Hy: 1 mT, Hx: 70 mT)FHDŝÙ1Iψ6 Ni΅˴6Ðʼą7χ
ȅ5Őĳ!J0I Nǐ̝6Ù2ĮˌƟ1I[76]ψ~Qr17χŝ4Ðʼą6*C5
HxȄİ1{fpdf̲ɴ!J*ψ~Qr6Ðʼą7ƩʍʼɑʤȄƿ5FItw
bRgĊȫ5F-0ŕŝ#*2̂GJI[77][78]ψƱ-0ψƧʼƿ~Qr6ŝ!7³6
Őĳ2ĮȽ5twf^1I2̂GJIψNi΅˴6Șŝ MRɏ7 0.75%1IψȄχ~
Qr7˦ɒ4 Ni174˦ʉMıN1I*Cχ(6ƪδ5F-0ʼɑǕǒɏ 0.1 %
2ÂÙ54-*2̂GJIψ6̂Ÿ7~Qr˦ʉǽ§6ƪδMĤ0I2
ɊʡǕǒɏ6̂Ÿ2̐%Iψ 
€ 
ΔR
R =
R(H) − R(H0)
R(H0)
×100(%)
˖ 4˔ Ni/TiO2/Pt˨ť5IƧʼƿtw~Qr 
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Ń 4-8 Ni/TiO2/Pt˨ť6 ONʍǆ6ʼɑǕǒĊȫψ(a-c)HxχHyχHzʼőȄİ16ʤȄƿʼɑǕǒ
Ċȫχ(d)(J)J6Ȅİ5Żƻ%I˨ť6΅˾ 
 
Ń 4-9 Ni ΅˴6ʤȄƿʼɑǕǒĊȫψ(a-c)HxχHyχHzʼőȄİ16ʤȄƿʼɑǕǒĊȫχ(d-f)
(J)J6Ȅİ5Żƻ%I΅˴2ʼőȄİ6ΙÏ 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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4-7ü®nđxėČÝxëēð 
 SET ċÇƯ6˨ťM SEM 1̲Ÿ#χ~QrƩǊ!J0I2ƽLJIžͱζŌMʋ
ů#*ψŃ 4-105ʾ#*67χɴůĀ2 SETċÇƯ6̣α SEMÞ1Iψ˹Ȅİ6΅˴7΃
έȺχɀȄİ6΅˴7΃έȺ1IψɴůĀ6˨ť(a)17̣α5ʭ˓-*2K74χȽ
5Ƙŉ1I2LIψȄχSETƯ6˨ť(b)17ſ!4ʧfnr 3Xǎ>3̭Iψ
(c)5(6΃ö6ǚŝŃMʾ%ψʧfnr7(J)Jχʮƭ 280 nm, 90 nm, 50 nmˌƟ6˒
͙1I2LIψ6˒͙6F5έȺřƩ#0I67χ~V]ċÇ625
ʦʘ%IeʄĜŀ1I2Őĳ!J0I[18][65]ψǋ7χ6F4fnrƩǊ
!J*ƯDfRnm]%I2MNi/NiO/Pt˨ť50ʻ̀#0Iψ6˨ť50Dχ
6ʧfnrƧʼƿ~Qr6ƩǊ5ΙÏ#0I2̂GJIψ 
 
 
Ń 4-10 ͘ȰŋέťκƵΔ5FI Ni/TiO2/Pt˨ť6̣αÞψ(a)fRnm]ɴůĀχ(b)SETċÇ
Ư, (c) SETċÇƯ6žͱ~QrζŌ6ǚŝŃ 
 
 
 
˖ 4˔ Ni/TiO2/Pt˨ť5IƧʼƿtw~Qr 
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4-8ĀănđxėČÝx¡ēð 
 Ʉ5žͱ~Qr6öȪM̡*C5χͯ͹ŋέťκƵΔMÉ-0˒͙΃ö6Ȃα̲ŸM
̡-*ψȂα̲Ÿ̽ȁ6Ç̨57χĢȤRW|Ƶ˪ćƍ̥˾(FIB)MÉ-*ψŃ 4-10(c)5
FIB MÉ-0÷Hõ#M̡-*őǎMʺ˴1ʾ#*ψʣŝ4fnrMIχ«ʣʭ5ŝ
4fnrMII”1ʾ#0IψŃ 4-11(a)5fnr I 6Ȋ̯ΉȂα TEM ÞMʾ%ψ΃ Ni
έȺŝřƩ#χsŋ54-0I2LIψJ7 FormingċÇȎ6ςɳĎ2Y
fʦʘ5FIřƩ2̂GJIψ(6s´ͪ6 TiO2Ɔ£57χŃ 4-11(b)6ʶę1ʾ#*F
4˯Ȓƿ6΋ƅtwˢťŨņ#*ψJ7΋ƅ̝̌Mćʄ#*25̭GJIñΨ2ĮȽ6
D62̂GJχfRnm]Ȏ5eʄ5F-0ςɳĎ#0I2Mʾĺ#0Iψ
6΋ƅtwˢťŨņ%Iőǎ6´ͪMıCχTiO2ë6 5 Xǎ5.0 EDX öȪM̡-*ψs
67ˑɟ54-0HχTiO2 Ɔ2ǧ#04*Cχ¾ž57Ŵ #42̂GJIψ
(6*CχöȪÁ˾7 NiέȺ5Ũņ%IÁ˾1̡-*ψŃ 4-11(a)ë6 a-e7öȪM̡-*Á
˾Mʾ%ψŃ 4-11(c)5 Position “c”5I EDXf\rMʾ%ψ̲ ɴ!J*}\M TiχNiχ
PtχO5Įů%I21*ψ˲0χůΊöȪG(J)J6à˨6ăĬMɗů%IψTi1
7 4.5 eV6 Ti-KUneχNi17 7.5 eV6 Ni-KUneχPt17 9.5 eV6 Pt-LUneχ(J)
Jd]}\1HůΊöȪħ̉1Iψ##χŃ 4-11(d)5ʾ#*F5χO-KUne
7 Ti-L Une5ͪ}\Έ4-0I*Cχ·˨6ůΊöȪ7Ʌʻ5̡4ǀJIψ
(6*C TiχNiχPt6à˨5.0Ń 4-11(e)5öȪ˯ȫM@2C*ψöȪɿ a17 Ni 39.64%
̲ɴ!J*ψ##χ(6Á˾7 TiO2Ɔë17IχL&5 NiέȺ5ͪ*Cχ(Gχ
έȺ6ǊöMȸõ#0I2̂GJIψǚŝŃ5ʾ#*΋ƅtwˢť5.0χöȪM̡-*
bɿ2 dɿ17, TiO2Ɔë1H4GχPt2 Niśȸõ!J*ψ62GχNi-richD#
7 Pt-rich4΋ƅtwˢť1I2̂GJIψ##χ(JG6΋ƅtwˢťʹ4Hέ
ȺM˼1IȽť7̲Ÿ14-*ψ(6*CχJG6΋ƅtwˢť7έɑ¾ž5ʮǧ7
ΙÏ#42̂GJIψöȪɿ c 2 e 17χNi 2 Pt ȸõ!J*D66χ(6Ί7 10%¶
1HχΦǧ%IέȺ5ʜȦ%ID62̂GJIψ 
 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 4-11 (a)fnrI6Ȋ̯ΉȂα TEMÞχ(b) Position “d”´ͪ5Ũņ%I TiO2Ɔë5
I΋ƅtwˢť6ǚŝŃ, (c)Position ”c”5I EDXf\rχ(d)O-KUne´ͪ6ǚŝŃχ
(e)EDX5FIīÁ˾5Ià˨öȪ 
  
˖ 4˔ Ni/TiO2/Pt˨ť5IƧʼƿtw~Qr 
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˲0χŃ 4-12(b)5fnr II6Ȋ̯ΉȂα TEMÞMʾ%ψfnr I2ĮȽχTiO2£5ʧ
΃öHχNiέȺDřƩ#0I2LI.fnr II50 EDXRöȪM̡-*
˯ȫMŃ 4-12(d)5ʾ#*ψɏ͡6*C5χȟřƩ΃ö6Ȃα TEM Þ2R~ORMŃ
4-12(a)2 4-12(c)5ʾ#*ψȟřƩ΃ö17χNi2 Pt6öƑ TiO2Ɔ5İ-0ė͇4ɱƀM̭
'0Iψfnr I 1͈͌#*F5χέť|6ƛH5F-0 TiO2Ɔ1-0D Ni 2
Pt6öƑȸõ!J0IψȄχfnr II6 Ni2 Pt6öƑ17χ͜Ϊ 23-28 nm6΃ö5Ȋ
G4̇̭IψŃ£6ʶę1ʾ#*(6΃ö7 Ti: 51.42%, Ni: 23.49%, Pt: 13.25%1Hχ
TiO2Ɔ£5ȊG5χNi D#7 Pt öƑ#0IψJ7χ~V]Ȏ6eʄ5
FIςɳĎ5F-0έȺȢȁǚǽ#χ~QrMƩǊ#0I2Mʾĺ%I˯ȫ1Iψ
6˯ȫGχʤȄƿʼɑǕǒĊȫMʾ%Ƨʼƿ~Qr7έȺGǚǽ#* Ni Ĝť5F
ID62Ƨʾĺ!JIψ##χTEMMÉ-*öȪ7̽ȁM̝ʆćƍ#0#@*CχȂʆʨ
4̲Ÿ24-0#@ψ@*χʣſ!4fnr7̲Ÿ10G&χ±Ŀ6öȪζŌžͱ
~Qr27Ȃ̵14+KψTiO2M˱˸Ɔ5É-*˨ť7χuĠ:yR
ċÇ%I2ʷGJ0Hχ(JG6~Qr7·˨ɃǮ5͙ŀ#0I2Ő
ĳ!J0I[79]ψ@*χuqyRf17χMagneliȼͳ~Qr1I2DŐ
ĳ!J0I[18]ψƱ-0χǋ6˨ť50DχMagneli ȼͳƩǊ!J0ID#J&χ
(J Ni ĜťMͷ;ͺ54-0Iħ̉ƿDIψ##χTiO2Ɔ̝%I*Cχ±Ŀχ(
6ȼͳM̲Ÿ%I2714-*ψͱƕχPtE TiN43Ďūʨ5ŭů1ǚǽ#5΋ƅ
¢Ȅ6έȺ5ÉLJIψ@* TiO2Ɔ7ǋ6˨ť5ɏ=0ě(20-57 nm)ψƧʼƿ Ni~Q
rMƩǊ%I57χ̝·Ď̌ƹ̫D#J4ψ 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 4-12 (a)ȟřƩ΃ö6Ȋ̯ΉȂα TEM Þχ(b)fnrII6Ȋ̯ΉȂα TEM Þχ(c)2(d)
7 TEMÞë5ʾ#*Á˾5I EDXR~OR 
  
˖ 4˔ Ni/TiO2/Pt˨ť5IƧʼƿtw~Qr 
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4-9 OFFÉÀQyÖrQy 
 Ń 4-13(a)5 OFFʍǆ6Ǖǒ6ɳƟÌŨƿMʾ#*ψŃ 4-13(b)7īɳƟ16έɡ	έŅʋƿ1
IψOFF ʍǆ17χέɡ	έŅʋƿ7ΰ˴Ʃ.χL&5ǿɡÇʚMD.61χǕǒ7+1.5 V
16Ù2ů̀%IψOFFǕǒ7 300 KG 150 K6Θ1ɳƟ5ÌŨ#0ư5ŕć%IÝİMʾ
#*ψ150 KG 10.5 K6Θ17χɳƟ5Ż#0>?ů1IψŃ 4-13(c)5yPe
n}]¾žMȸ̷%I*Cχlog R vs T-1/4nrMʾ#*ψqkɿƀ4 log R ∝ AT-1/4
6ΙÏǊH˓.2-*͈͌7ŁΫ1ID66χF( 250 K´ͪGÂɳÛ55.
J0]~6Ýſ!4-0Iψ62Gχ250 K´ͪGɳƟ5ÌŨ#4rv
Ċȫ5FI¾žǶ΅ʨ22ʾĺ!J*ψOFFʍǆ16ʼőÌŨƿMŃ 4-145ʾ#*ψ
OFFʍǆ1DŚ΃ʼő2˨ť6Á˾ΙÏ7 ONʍǆ2Į$1IψOFFʍǆ507χǕǒ7
ʼő5ÌŨ'&χŝ4wRg̲ɴ!J*ψJG6˯ȫGχOFF ʍǆ17Ƨʼƿ Ni ~Q
r7ɪɸ#0I2̂GJIψ 
 
 
 
Ń 4-13 (a)OFFʍǆ6Ǖǒ6ɳƟÌŨƿχ(b)īɳƟ16έɡ	έŅʋƿχ(c) ln I vs T -1/4nr 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 4-14 OFFʍǆ6ʼőÌŨƿ(a)Hx, (b)Hy, (c)Hz 
 
4-10&('>$bO5): 
 J@15ƲGJ*ʷ̭G Ni/TiO2/Pt˨ť6fRnm]ċÇqM̂Ÿ%IψŃ 4-155
ċÇq6ȿƢŃMʾ#*ψȘùχ˨ť7ςǕǒʍǆ1Iυ0. Initial stateφψùȝʍǆ6˨ť
5έŅMęć%I2χI2K1ƾɻ5έɡɡJχeʄʦʘ%Iψeʄ5F
Hćʄ!J*έȺ7 TiO2ë5΃ǚǽ%Iυ1. FormingφψuċÇ1I2Gǚǽ
7RWĎʍǆ2FHDχĜť6ʍǆ1͙I2̂GJIψέɡɡJõ%67Ǖǒ6Â
 Magneli ʯƩǊ!J*Ư6ħ̉ƿDIχ±Ŀ6Űπ17̲Ÿ14-*ψ(6*Cχ
Magneliʯ7̂ǈ#04ψÂέɡ`RPf1 Forming#*˨ť7 OFFʍǆ5ˋI
υ2. OFF stateφψOFF˨ť5έŅMęć%I2χέɡɡJχí:eʄʦʘ#χFHś
6 NiĜťǚǽ%Iυ3. SETφψǚǽ#* Nižͱ~QrMƩǊ#χONʍǆ54I2
̂GJIυ4. ON stateφψONʍǆ6˨ť5έŅMęć%I2χ~Qr1eʄʦ
ʘ#χNi~Qrʄ5F-0ö̴%I2̂GJIυ5. RESETφψžͱ~Qrö
̴#*˨ť7í:χOFFʍǆ5ǍI(2. OFF state)ψNi/TiO2/Pt˨ť6uċÇ507χ
6ʹ6ċÇ˽Hͫ!JI2̂GJIψ~QrȘù5ƩǊ!JIőǎ7 TiO2Ɔ6
˱˸ƿ6Ʀ΃ö43̂GJIχ2 Ŀʭ¶Μ6~Qr6ƩǊ7Į$˚ǎ1͙I2
˖ 4˔ Ni/TiO2/Pt˨ť5IƧʼƿtw~Qr 
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7ΝG4ψ˨ ť7ȘƯχONʍǆFHDÂǕǒÙ54-*ƯRESETċÇ͙G44-*ψ
62G Hard breakdownʍǆ17χONʍǆFHDŝ4bRgχD#7Ǖǒʒ6Â~
QrƩǊ!J0I2̂GJIυ6. Hard breakdownφψHard breakdownʍǆ17ǕǒÙ
Â*Ceʄʦʘ#5χ(J5FH~QrςɳĎ#4*C5 RESET
ċÇ7͙G42̂GJIψ 
 
Ń 4-15 Ni/TiO2/Pt˨ť6fRnm]ċÇq6ȿƢŃ 
  
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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4-11 Ni/TiO2/PtÝx 
! tc&('>$Èğέɡ`RPfM 2ɋΣ5ö0fRnm]M̡χù
ȝʍǆ OFF  ON  OFF  ON 2ǕǒřĎfRnm]˽Hͫ%21*ψǕǒ
řĎʕ͏7Ⱥƿ5ΙÏ4uŋ1ħ̉1-*ψ˨ ť7 ONʍǆFHD!G5Ǖǒ
6Â Hard breakdownʍǆ1fRnm]M͙!44-*ψ  
! ÀQyğON ʍǆ17ɳƟ6Â22D5ǕǒDɱƀ%I΋ƅʨ¾ž̭GJ*ψ
ɊʡǕǒɏ7 1.45 1IψɳƟÏǾD˦ˡ4y\un^FHDÂÙ1IψOFF ʍǆ
507χ300 KG 250 K6Θ17yPen}]χ200 K¶17rv
Ċȫέɑ¾ž5Ƕ΅ʨ2̂GJIψ 
! Ï£Ö¶a­ğON ʍǆ17 0.14%6ʤȄƿʼɑǕǒĊȫM̲ɴ#*ψ˦ɒ4un^
FID˦ʉMśıB*C5ʼɑǕǒɏ,!4-*2̂GJIψƩǊ!J*Ƨʼƿ
~Qr7twf^1I*C5χ(6twbRgĊȫ5F-0Ðʼą7ͱƕ6΋ƅ
̝̌5ɏ=0ŝ4-*2̂GJIψOFFʍǆ17ʼɑǕǒĊȫ7̲ɴ!J4-*2
GχƧʼƿ~Qr7ɪɸ#0I2̂GJIψ 
! 084>*ðğFormingċÇƯ6˨ť57χ~QrƩǊ!J0I2ƽLJIζ
Ōυ˒͙φ΃έȺ̣α5õʕ#0*ψ˒͙΃ö6 TEM Ȃα̲ŸGχ΃ Ni έȺ
TiO2 Ɔë΃5ǚǽ#0I2ȊG24-*ψTiO2 Ɔë΃57 Ni twˢťŨņ#0
*ψ 
 
 ONʍǆ16ʤȄƿʼɑǕǒĊȫ7Ƨʼƿ~Qr΃έȺGǚǽ#*Ni1ȼǊ!J
0I2MƧʾĺ%I˯ȫ1IψJ5FHǋ7Ƨʼƿ~Qr6ƩǊ5ǊĆ#*
2̵IψέȺ6řƩ΃öMȂα TEM 5FH̲Ÿ%IǏɛ7~Qr6ȼͳ̴Ȋ5ȚĊ1
I2̵Iψ##χŰΥ6qyRf507χέȺ6řƩ7̕5ʯƨ%I*Cš@#
4ψ~QrƩǊMˣƟFþƳ1χ@*Űƻʚ5İ*ʹːM̡1DχέȺ6ř
Ʃ#4˨ť6Ç̨ƹ̫2ƽLJIψ(1Ʉ5χNi~QrƩǊ!Jχ.έȺ6ř
Ʃ#4˨ť6Ç̨M̽A*ψ 
(¥͈Ȁ[4]όS. Otsuka, Y. Hamada, T. Shimizu, and S. Shingubara, “Ferromagnetic nano-conductive 
filament formed in Ni/TiO2/Pt resistive-switching memory”, Appl. Phys. A, 118, pp. 613-619 (2015).) 
˖ 5˔ Ni/HfO2/Pt˨ť5IƧʼƿtw~Qr 
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Û5Ú Ni/HfO2/PtÝx
Ö,.084>* 
 
5-1Ĉcçª ą| 
 Ni/TiO2/Pt ˨ť6˯ȫMĤ0χɄ5έȺ6řƩ͙4˨ť6Ç̨M̽AIψέȺřƩ6
ŝ!7χSET ċÇȎ6z5ɏÊ%I2Őĳ!J0I[65]ψ(1χSET ċÇ6z
MGJIȢȁ6΀ůχĠ:ȥ¹MǦ˩%Iƹ̫IψNi7˱˸̌M̝#*őĬ5ǚǽ
%I2̂GJI61χ̝˱˸̌1fRnm]M͙%Ȣȁƹ̫1Iψ##χ̝%
I2\έɡŕŝ#χSoft-breakdown ͙IĀ5έɡ`RPf5ýͻ#0#@
fRnm]͙42DIψ##ȘͪχHfO27 3.1 nm 2̝!50fRnm
]̲ɴ!J0H[57]χ@*χςͲċÇ2ς̄¦ƿŰ̻!J0H(Ń 1-7)χ±Ŀ6Ȣȁ2
#0;÷1Iψ(1χ·ĎʉƆ2#0 4 nm6 HfO2Mǥʚ#*ψ@*χSETċÇ6z7
͖̌5F-0DřGJI2©ǃ!JIψ͖̌7χġƻƿfznkȎ6·˨öŅMřI
21þƳ1I2̂GJIχǋ6̥˾17χʲˑ͒1˨ťMÇI2714ψ(6
*Cχ·˨öŅMĝŵ5þƳ#*˨ť6Ç̨7ŁΫ1I2©ǃ!J*Cχȡʹː17χ·Ď̌
ŏˎȎ6·˨öŅMů2#*ψƧʼƿέȺ2#07 NiχŻİέȺ2#07 Pt Mƣ˲Éʚ
%Iψ 
 
5-2 Ni/HfO2/PtÝxOí 
 Ń 5-1 5˨ťÇ̨̡ˌMʾ%ψȡ˨ť6Ç̨57έť˴j]~Q̥˾MÉʚ#*ψέȺ
6Une5yʦʘ#4F5χ΃έȺ6ƩǊ57ʌʊƆMʚ* 2ƆefrMÉʚ#
0Wyx]ȼͳMƩǊ#*ψ΃έȺ2#0 Pt M 50 nm ŏˎ#*ψɄ5·ĎʉƆ2#0
HfO2M 4 nmŏˎ#*ψȘƯ5΃έȺ2#0 NiM 50 nmŏˎ#*ψÇ̨ȥ¹χĠ: 2Ɔef
r6̿˪7´Α5͢'0IψŃ 5-2 5Ç̨#*˨ť6ãūκƵΔÞMʾ%ψϋ˕ťɴů5F-
0΅˴ǕǒMΟ*Cχ˨ ťȼͳ7 TiO2˨ť2Į$\fyŋ2#*ψ˨ ť΃ö6έȺαˎ7
11 µm21IψέȺ6Ǖǒ˨ťǕǒ5ɏ=0ςőĬχέȺ5έŅǤHχfRnm]
έŅς4IÝİIψ(6*Cχ˨ť¶Ś6΅˴΃ö6ƖM 20 µm5#0έȺ6ǕǒM
*ψ 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 5-1 Ni/HfO2/Pt˨ťÇ̨̡ˌ̣ 
 
Ń 5-2 Ni/HfO2/Pt˨ť6ŮǊƯ6ãūκƵΔÞχ(a)æÄŃχ(b)˨ť΃ö6ǚŝŃ 
 
5-3">%6+@¹ HfO2çeÕó 
 ±Ŀ7 FIBMÉ24̽ȁÇ̨̡IȄɛMȸ̷%I*CχRWdsɛMʚ0
˖ 5˔ Ni/HfO2/Pt˨ť5IƧʼƿtw~Qr 
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·Ď̌ʻ̀ʚ̽ȁ6Ç̨M̡-*ψRWdsɛ27 SiO2EX43Mf\2#0ŏ
ˎ#*ƯχRW|5F-0]M̡χTEM̲Ÿʚ̝ʆbMÇ̨%IȄɛ1
I[80]ψŃ 5-35RWdsɛMÉ-*̽ȁÇ̨6ȿƢŃMʾ%ψùC5χTEM nd
5īˍ6̝̌M˨ť2Į$ȥ¹
ψψψψψψψ
1ŏˎ#*ψɄ5χSIGMA-ALDRICHˀ̨6 50 nm SitwˢťM
f\2#0´ʳ!'*ψ(6ƯχPaRW|Mʚ0ŊʮȄİG]M̡-
*ψPaRW|6ȥ¹7´Α5̸͢#0Ị 62Įȥ¹1Iψ]6ȎΘM
͵C02f\twˢť65âΐĎ#*΃öƩǊ!JIψŃ 5-45Ç̨͹ˌ6 SEMÞ2
âΐĎ#*΃ö6 TEM ÞMʾ%ψŃ 5-4(a)G 5-4(c)7Į$őǎ6 SEM Þ1Iψ̝̌Mŏˎ
#* Nano mesh5´ʳ#*ñΨ SitwˢťMŃ 5-4(a)1ʻ̀1Iψ(G 60 min, 120 min
2]M̡-*ψñΨ Sitwˢť65χ˨ ťƆ2ƽLJIʧ˴ʻ̀1IψNano mesh
6Une΃ö7ßâʨ5Unm]!Jχ̳ʀ4-0IȽťDLIψ!G5Unm]
Mͭć#χĬ̶ 180 minUnm]#*Ư6 SEMÞMŃ 5-4(d)5ʾ%ψŃ£6ʶę1̸#*΃ö
5Ū˓#0Ɓ-*΃öʻ̀1Iψ(6,6.Mǚŝ#*D6MŃ 5-4(e)5ʾ%ψâ˕΃
ö7 23 nm54-0Hχđö5âΐĎ10I2LIψŃ 5-4(f)7Ń 5-4(e)2Į˚ǎ
6 TEM Þ1IψŃ 5-4(g)5 HfO2Ɔ´ͪ6ǚŝŃMʾ#*ψNi/HfO2/Pt ˎƆȼͳ#-Hʻ
̀1IψŃ 5-4(i)6˴7 EDX R~OR6Á˾Mʾ%ψEDX R~ORŃ
5-4(h)7 Ni2 Pt, Hf6}\MöΪ1I2LIψNi2 Pt6öƑ7 HfO2Ɔ5İ-0ɱ
ƀ#0Iψ7 nm´ͪ1 Ni6öƑL&5ŕć#0Iχ6Ĝŀ5.07Ȋ1Iψ
RWdsɛ5F-0χ̌ěM 4 nm2ʻ̀%I21*ψ6Ȅɛ7 Nano mesh6æ
α5 TEMbMƩǊ1Iɿχ@* In-situ TEMb436ʋɉ̽ȁMÇ̨1Iɿ1
ßJ0Iψ##ψˣƟF SitwˢťM´ʳ!'I67ŁΫ1Hχ±Ư7χRWds
ɛ2 FIB2˭AĬL'*̽ȁÇ̨ƹ̫54I2̂GJIψ 
 
Ń 5-3 RWdsɛ6ȿƢŃ([80] M. Kudo, et al. 2013.) 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 5-4 RWdsɛMʚ0Ç̨#* TEM̲Ÿʚ̽ȁψ(a)īƆMŏˎƯχSitwˢťM´
ʳ!'* Nano meshψRW](b) 60öƯχ(c) 120öƯ, (d) 180öƯ, âΐĎ#*΃ö6
(e)SEMÞ2(f)Ȋ̯Ή TEMÞχ(g) HfO2Ɔ6Ȋ̯Ή TEMÞχHfO2Ɔ6(h)EDXf\r2(i)EDX
R~OR 
˖ 5˔ Ni/HfO2/Pt˨ť5IƧʼƿtw~Qr 
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5-4Wđx_W¹ HfO2çc{ßñR 
 TiO2˨ť2ĮȽ5χãέťöãɛMÉ-0 HfO2̝̌6˭Ǌ6̼ÍM̡-*ψŃ 5-5(a)5 0600 
eV@16ƛ˝łf\rMʾ#*ψRsfZ17ŏˎ#*x~uS·Ďʉ6Hf2Oχ
Uv[Zdʚ5ŏˎ#* Au, ̣αɖȭɾĎɒ˨6 C 5Ɣƅ!JI}\M
ʻ̀#*ψUv[Zd57 Au 4f7/2(84.0 eV)Mʚ*(Ń 5-5(b))ψŃ 5-6(a)5t
fZ5F-0ƲGJ* Hf 4f6f\rMʾ%ψm}\̴Ȫ6˯ȫχ Hf 4f6
f\rM 16.1 eV2 17. 8 eV6«.6}\5öΪ%I21IψHf 4f7/26}\Á˾
7Ʉ6ͱH1I Metal: 14.2 eV, Hf4+: 16.2 eV[81]ψƱ-0χ̲ɴ!J*}\7 4Í6 Hf6D
6̂GJIψ##(6}\αˎƧƟɏ7 Hf 4f7/2(8221.7)2 Hf 4f5/2(8226.8)1Hχf}͞
ͺʯ¬Çʚ5FIö̤}\6αˎƧƟɏ 4f7/2 : 4f5/2 = 4 : 365ƱL4ψ 
 Ń 5-6(b)5ʾ%67 O 1sf\r1IψςUv[Û5ƀ#̍GA6If\r
̲ɴ!J*ψ6}\7χ529.6 eV2 531.5 eVM£Ƹ5#*«.6}\5öΪ1Iψ(J  
)J6}\7 HfO22x~uSɒ·Ďʉ5FID61I2Őĳ!J0I[82]ψ62
GχHf 4ff\r176ɒ·ĎʉʜȦ6 Hf6}\Έ4-0Iħ̉ƿHχãέť
öãGχHf/OɏMɔCI27ŁΫ1I2ƽLJIψT. Tsuruokaɐ7χCu~Qr6
ƩǊ2ɪɸ1fRnm]͙I Cu/P~Of Ta2O5/Pt ˨ť50χɒ·Ďʉ7Ũņ#
0DfRnm]5ƪδ742Őĳ#0I[83]ψHfO2ƆDP~Of1I2Gχέ
ȺȢȁ7ͼD66χNi~QrMƩǊ%I*C57Ļι42ƽLJIψɒ·Ďʉ6}
\̲ɴ!J*Ĝŀ7Ȋ1Iψ 
 
 
 
 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 5-5 SiŎȩ5ŏˎ#* HfO2̌6ãέťöãf\r(a)RsfZχ(b)Au4f7/2ζŌ 
 
˖ 5˔ Ni/HfO2/Pt˨ť5IƧʼƿtw~Qr 
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Ń 5-6 Si Ŏȩ5ŏˎ#* HfO2̌6ãέťöãf\r(a)Hf4f ζŌχ(b)O1s ζŌ (HfO2αˎ 
9967.8) 
 
5-5&('>$È 
 Ni/HfO2/Pt ˨ť6ǕǒřĎfRnm]ʋƿMŃ 5-7 5ʾ%ψɴů17χNi M High 5χPt M
Low 5̺ů#*ψɀ͠7˨ť5Ǥ-0IέŅ1IψŃ 5-7(a)5ùȝfRnm]Mʾ%ψ
Ni/HfO2/Pt ˨ť6ùȝʍǆ7Ǖǒ6Â ON ʍǆ1-*ψJ7Ƃǎʨ5·˨ɃǮ~Q
rƩǊ!J0I*C2̂GJI[84][85]ψ6ùȝ ONʍǆ6˨ť5χepQέŅMę
ć%I2 0.2 V´ͪGư5έɡɱƀ%I͐ƿǕǒMʾ#*ψ0.5 V´ͪ1 RESETċÇ5ʯ
ƨ%I OFFʍǆ<6fRnm̭GJ*ψ@*χû6ùȝ ONʍǆ6˨ť5vYpQέŅMę
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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ć#0Dχ͐ƿǕǒʕJ*ƯχOFFʍǆ5fRnm#*ψ62GχȘù6fRnm]
7Ⱥƿ5ΙÏ4ufRnm]ʕ͏2̂GJIψŃ 5-7(b)5ʾ#* 2 Ŀʭ6fR
nm]17χvYpQέŅM-0.9 Vęć#0DǕǒʍǆ7řLG&OFFʍǆ6@@1-*ψ
Ȅχ0.6 V6epQέŅMęć#*2K1έɡƾɻ5ŕć%I SETċÇ͙*Ưχ4 
mA6έɡ`RPf5ýͻ# ONʍǆ<fRnm#*ψ(6Ưχ0 V5Ǎ#0D ONʍǆ
Ð*J0*2GχǬʦƿ6fRnm]1I2LIψSETċÇepQ
έŅ16A͙I2Gχ2 Ŀʭ¶Μ6fRnm]7Ⱥƿ5ÌŨ%IyRŋ1I
2LIψ 
 ǕǒřĎ17χ̔ʨ5έɡ`RPf̺ů!J SETċÇȎ6͹έɡ5FI˨
ť6ʺŗMΛχ(J+14 ONʍǆ6ǕǒÙ6þƳ5Düʚ1I2ʷGJ0I
[86]ψ(1χȡʹː50D 2, 3, 4, 5 mA 6 4ˍμ6έɡ`RPf IccM̺ů#ÌŨ
ƿM̼Í#*ψŃ 5-8(a)5(J)J6έɡ`RPf5I SETʋƿMʾ%ψ%=06
OFFʍǆ7>?Į$ǕǒÙ1Iψ(J5F-0 SETέŅ7 0.5 VG 0.6 V2ʐ˝ł5
Ģ@-0Hχͼ˨ť17ID66;÷5ɏ͡1I2̵IψIcc = 2 mA17χſ!4{
fpdf̭GJ*ψȄχIcc = 3, 4, 5 mA17ŝ4{fpdf̲ɴ!J
*ψŃ 5-8(b)5 0.1 V16 ON2 OFF6ǕǒÙMέɡ`RPfMΙǾ5#0ʾ#*ψέ
ɡ`RPf6ŕć5¿ ON Ǖǒɱƀ#χON/OFF ɏŝ4IÝİ̭GJ*ψ
J7~Qr6ǕǒʒEȼͳMέɡ`RPf5F-0þƳħ̉22M
ʾĺ#0Iψ 
 
  
Ń 5-7 Ni/HfO2/Pt˨ť6fRnm]ʋƿχ(a)1Ŀʭ6fRnm]χ(b)2Ŀʭ¶Μ6fRnm
]ψ 
˖ 5˔ Ni/HfO2/Pt˨ť5IƧʼƿtw~Qr 
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Ń 5-8 Ni/HfO2/Pt˨ť6fRnm]ʋƿχ(a)SETċÇ6έɡ`RPf IccÌŨƿψʺ
˴7έɡ`RPfMʾ#0Iψ(b) 0.1 V16 ONǕǒ6έɡ`RPÌŨƿ 
 
5-6 ONÉÀQy 
 ~Qrȼͳ6ͼMȸ̷%I*C5χIcc = 4, 5 mA6őĬ5.0χǕǒ6ɳƟÌŨƿ
M̼Í#*(Ń 5-9)ψ]~6˹͠7 300 K1̮ȳĎ#*Ǖǒɏ RT/R300 K1Iψ1 RT7ī
ɳƟ16Ǖǒ1Iψ4, 5 mA6&J6őĬ50Dχ300 KG 50 K6Θ17χÂɳ54
I5.JǕǒɱƀ#χ50 K¶Gư5ɳƟ5Ż%IÌŨƿƦ4-0Iψ62
G ONʍǆ7΋ƅʨƿ͖MǛ.2LIψIcc = 46őĬ5ɏ=χ5 mA6Ǖǒ7ɳƟ5Ƨ
ÌŨ%IÝİMʾ#*ψ6Ĝŀ2#07ɳƟ5ÌŨ#4˦ʉǽ§6ƪδɱƀ#0I*
C2̂GJIψ5 mA17Ǖǒ7ɳƟ5Ż#0ʮ˴ʨ4ÌŨ6ΙÏMʾ#0Iχ4 mA17χ
L&5ó6ÌŨƿMʾ#0Iψ6ó6řĎ6Ĝŀ5.07̿#LG4χt
wR6őĬ50̭GJIʕ͏5À0I2G̣αǽ§ƪδ#0I2ƽLJI
[70][73]ψ(J)J6ɳƟÏǾα2ɊʡǕǒɏ RRRṂ 5-15@2C*ψHfO2˨ť507χIcc 
= 4 mA5ɏ= 5 mA17ɳƟÏǾαDɊʡǕǒɏ RRRDς4-0Hχ(J)J7έɡ`
RPf5ÌŨ#0I2̵Iψ##χTiO2˨ť2ɏ=I2χIcc = 0.1 mA2Â5D
LG&χ(6ɳƟÏǾα7 1.2 × 10-3 /K2ςÙ1-*ψ@*ɊʡǕǒɏ RRR50Dχ
TiO2˨ť6Ȅ HfO2˨ť6(JFHDςĮȽ6ΙÏ24-*ψȢȁĚěͼőĬχ`
RPfÌŨƿ7ė˦174F1Iψ 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 5-9 έɡ`RPf 4, 5 mA5IǕǒ6ɳƟÌŨƿχ(300 K16ǕǒÙ 4 mA: 65.6 
Ω, 5 mA: 40.3 Ω). 
 
̣ 5-1 TCR6ɏ͡ 
˨ť `RPf 
TCR (× 10-3 /K) 
(273-293 K) 
RRR 
Ni/4 nm HfO2/Pt 
4 mA 0.29 1.14 
5 mA 0.81 1.25 
Ni/10 nm TiO2/Pt 0.1 mA 1.2 1.45 
 
5-7 ONÉÖ¶a­ 
 Ʉ5χɊʡǕǒɏ RRR6ς 5 mA6őĬ2χó2ʋƶʨ4ɳƟÌŨƿMʾ#* 4 mA
6őĬ5.06ʼɑǕǒĊȫMŃ 5-10 2Ń 5-11 5(J)Jʾ#*ψ˹͠7 4-4 Ƣ1̶˛#*
ʼɑǕǒɏ1ʾ#0Iψ5 mA6őĬ50χx͠Ȅİ2 y͠Ȅİ5ʼőMęć#*2χς
ʼőζŌ1ʼɑǕǒɏRtf5řĎ#0IψȄχz ͠Ȅİ6őĬ17f5řĎ#0
IψJ7ʤȄƿʼɑǕǒĊȫ6ŨņMʾ#0IψʼőȄİ2ʤȄƿʼɑǕǒĊȫ6Ʃ6Ι
Ï7 Ni/TiO2/Pt 5μÀ#0Hχz ͠Ȅİχ.@HŎȩ5Ż#0αʮȄİ625óƩʍ1
Iψ62Gχ̲ɴ!J*ʤȄƿʼɑǕǒĊȫ7˨ťë΃6αʮȄİ5ƩǊ!J*Ƨʼƿ~
Qr5͙ŀ%ID62̂GJIψ##4GχÐʼą(Hc)EξķʼĎχʼɑǕǒɏ7
Ni/TiO2/Pt6(J2ʤ4-0Iψ̣ 5-25īzkM@2C*ψ1 Hx2 Hy6Ðʼ
ą5ɝʭ%Iψ˨ť6Ðʼą7 Ni ΅˴6(J5ɏ=ŝ4ÙMʾ#*ψJ7twbRg6ƪ
δ5FHÐʼąŕŝ#**C2ƽLJI[77][78]ψz͠Ȅİ50χTiO2˨ť17{fpd
f̭GJ*D66χHfO2˨ť17{fpdf̭GJ4-*ψJ7Ðʼą
2ξķʼĎŝ24I*C1Iψ(J6ʖʜ2#07χƩʍʼɑʤȄƿ6Ċȫ5FHχ
˖ 5˔ Ni/HfO2/Pt˨ť5IƧʼƿtw~Qr 
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ʼĎξķ#54-**C1IψJ7~Qrʸ4-*2MǄĴ#0Hχ
HfO2̝̌6̌ěM̝#**C2ƽLJIψ@*{fpdf̲ɴ14̫ŀ2#0
7wRgŝ2DǞGJIψ  
 Ń 5-115έɡ`RPf 4mA6 ONǕǒ6ʼőÌŨƿMʾ%ψʼőȄİ7 5 mA6D
62˰#0IψwRgŝ4GDʼő6řĎ5¿χǕǒDřĎ#0IF5̭
Iχʼő5Ż#0ΰŻˊ1Iψ62GχʤȄƿʼɑǕǒĊȫ174χwRg6ƪδ
5FI2ƽLJIψ.@Hχέɡ`RPf 4mA6 ONʍǆ507χun^ǚǽ
#4GD·˨ɃǮ¥Ǌö24-*žͱ~QrƩǊ#0I2ƽLJIψǋ7
Ni/HfO2/Pt ˨ť50DƧʼƿ~Qr6ƩǊ5ǊĆ#*2̵Iψć0χέɡ`
RPf1~Qr6͖MþƳ1I2DȊG24-*ψ 
 
 
Ń 5-10 έɡ`RPf 5 mA6őĬ5I Ni/HfO2/Pt˨ť6ʤȄƿʼɑǕǒĊȫψ(a) x
͠Ȅİχ(b) y͠Ȅİχ(c) z͠Ȅİχ(d)˨ť΅˾6ȿƢŃψ 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 5-11 έɡ`RPf 4 mA6őĬ5I ONǕǒ6ʼőÌŨƿ 
 
̣ 5-2 ʤȄƿʼɑǕǒĊȫ6@2C 
Ni/TiO2/Pt Hx Hy Hz 
) 50 mT 70 mT 100 mT 
4
) 50 mT 100 mT 150 mT 
)  0.11% 0.11% 0.11% 
  
Ni/HfO2/Pt Hx Hy Hz 
) 100 mT 100 mT 100 mT 
4
) 500 mT 500 mT 300 mT 
)  0.16% 0.16% 0.13% 
    
Ni wire Hx HyW/+2	X Hz(.7	) 
) 1 mT 1 mT 70 mT 
4
) 40 mT 30 mT 320 mT 
)  0.38% 0.25% 0.38% 
 
 
 
 
 
 
˖ 5˔ Ni/HfO2/Pt˨ť5IƧʼƿtw~Qr 
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5-8 OFFÉÀQyÖrQy 
 Ń 5-12(a)5 OFFǕǒ6ɳƟÌŨƿMʾ%ψ300 KG 50 K6Θ17ɳƟ6ɱƀ5¿χǕǒ
7ŕć#0Iψ50 K¶17ɳƟ5ÌŨ#04ψ@*χ15 K16έɡέŅʋƿ7L&5
ΰ˴Ʃ1I(Ń 5-12(b))ψŃ 5-12(c)5ʾ#* ln I vs T-1/4nr17χ300 KG 20 K6ζŌ1
ɏÊ6ΙÏ7̭GJ4ψ62GχyPen}]¾ž27Ȃů14D
66χ300 KG 146 K6Θ17ʄɠƿŋ6¾ž5FI2ƽLJIψ 
 50 K¶6ÂɳζŌ17χǕǒɳƟ5ÌŨ#42GrvĊȫǶ΅ʨ1I2̂
GJIψŃ 5-13 5 OFF Ǖǒ6ʼőÌŨƿMʾ%ψOFF Ǖǒ17ŝ4wRg̲ɴ!Jχʼ
ɑǕǒĊȫM̲ɴ%I2714-*ψOFFʍǆ17Ƨʼƿ~Qr7ɪɸ#0I2
ƽLJI 
 
 
   
Ń 5-12 (a)OFFǕǒ6ɳƟÌŨƿ(0.1 V), (b)15 K2 300 K6έɡ	έŅʋƿ, (c) ln I vs T-1/4n
r 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 5-13 OFFǕǒ6ʼőÌŨƿ 
 
5-9ü®đxėČÝxëēð 
 Ń 5-145 Ni/HfO2/Pt˨ť6\fy΃ö6fRnm]ĀƯ6̣α SEMÞMʾ%ψ˹Ȅİ
΃έȺχɀȄİ΃έȺ1Iψ(a)5ʾ#*fRnm]Ā7ʋ5ʭ˓-*2K74ψ
(b)5ʾ#*fRnm]Ư50DχέȺřƩ#0IȽť7̲ɴ!J4-*. fRnm
]Ư6΃έȺ6L&4ɇA7χmePn5FID61Iψ 
 Ni/TiO2/Pt ˨ť17fRnm]ƯχέȺ̣α5˒͙ƩǊ!J0HχŰΥ6ƻʚM̂*
őĬ57š@#4ψȄχNi/HfO2/Pt ˨ť17χfRnm]Ư50Ʃʍ6řĎ̭G
J4-*2GχƧʼƿ~QrMǛ.2#0ƻʚ5;#0I2̂GJIψ 
 
Ń 5-14 Ni/HfO2/Pt˨ť6̣α SEMÞχ(a)fRnm]ċÇĀχ(b)fRnm]ċÇƯψ 
 
5-10bO5): 
 Ń 5-155 Ni/HfO2/Pt˨ť6fRnm]ċÇq6ȿƢŃMʾ%ψ4 nm HfO2˨ť6ùȝ7
˖ 5˔ Ni/HfO2/Pt˨ť5IƧʼƿtw~Qr 
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ÂǕǒʍǆ1Iψ(6Ĝŀ7Ƃǎʨ5ƩǊ!J*·˨ɃǮ~Qr5͙ŀ%I2̂GJ
Iψùȝ ONʍǆ6˨ť5έŅęć%I2χf2Rtf63,G6Ⱥƿ50D OFFʍ
ǆ5fRnm%I RESET ċÇMʻ̀#*ψ6Ⱥƿ5ÌŨ#4fRnm]7·˨ɃǮ6
R]dEeʄ5FIȳťɃΠ6Ŀƴ5FI2̂GJIψOFF ˨ť6 Ni έȺ5
epQέŅMęć#*26AχONʍǆ5fRnm%I SETċÇʻ̀!J*ψέɡ`
RPf 5 mA1fRnm]#*˨ť50χʤȄƿʼɑǕǒĊȫ̲Ÿ!J*2
GχέȺȢȁGǚǽ#* NiĜťM¥Ǌö2%Ižͱ~QrƩǊ!J*2̂GJIψ
SET ċÇȺƿ5ÌŨ%I2G Ni 7RW6ʍǆ1ǚǽ#0I2ƽLJIψέɡ`
RPf 4 mA17χʼɑǕǒĊȫ̲ɴ!J4-*2Gχ·˨ɃǮ¥Ǌö24-*
NiĜť2·˨ɃǮ6̩Ĭ~QrƩǊ!J*2̂GJIψRWĎpd7 Ni(I) 
7.633 eV, Ni (II) 18.15 eV1I[87]ψHf-O6˯Ĭ̴ΪUv[7 7.9 eV1I[88]ψǚǽ#*
Ni6ÍǾ7̿#7LG4χNi 2Í6őĬχHf-O˯ĬUv[6ȄÂ*Cχ·
˨ɃǮâ5ƩǊ!JI2̂GJIψ 
ON ʍǆ6˨ť5ͮέŅMęć%I2~Qrɪɸ#χOFF ʍǆ5ǍIψNi/HfO2/Pt ˨ť
17fRnm]5ȺƿŨņ%I2GRW~Qr6ƩǊ5͙ŀ#0I2̂
GJIψέɡ`RPfM̺ů#0I5DLG&χ³6˨ť2ĮȽ5χNi/HfO2/Pt
˨ť50DχfRnm]͙44IxsR\lS5F-0˨ť7ʺŗ!JIψ 
 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ń 5-15 Ni/HfO2/Pt˨ť6fRnm]ċÇq6ȿƢŃ 
  
˖ 5˔ Ni/HfO2/Pt˨ť5IƧʼƿtw~Qr 
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5-11 Ni/HfO2/PtÝx 
! tc&('>$È 
˨ťùȝʍǆ7 ON ʍǆ1Iψ7$C6 RESET ċÇ7Ⱥƿ5ÌŨ#4ψ##χɄ6
SET ċÇ7Ⱥƿ5ÌŨ%Iψͱƕ27ʤ4IyRċÇM̲ɴ#*ψON Ǖǒ7έɡ
`RPf6ŕć5¿Â4IÝİMʾ#*ψ 
! ÀQy 
ON ʍǆ17ɳƟ6ɱƀ2è5ǕǒDɱƀ%I΋ƅʨƿ͖Mʾ#*ψűɳ16Ǖǒ6ɳƟÏǾ2
ɊʡǕǒɏ RRR7έɡ`RPf5ÌŨ#0IÝİMʾ#*ψ 
OFFʍǆ507χ300 K17ʄɠƿŋ6¾žχ50 K¶17ǕǒɳƟ5ÌŨ#4r
vĊȫ¾ž5Ƕ΅ʨ1Iψ 
! Ï£Ö¶a­ 
ON ˨ť7ʼő6Ȅİ5ÌŨ#0ǕǒřĎ%IʤȄƿʼɑǕǒĊȫMʾ#*ψ˨ťë΃6έɡ
7ŎȩŊʮȄİ5ɡJ0I2̂GJIψ 
OFF˨ť17wRgŝʼɑǕǒĊȫ7̲ɴ!J4-*ψ 
! đ°ëē SEMð 
fRnmƯ50DχέȺ̣α5ʭ˓-*2K7ʀχeʄ5FIέȺ6ʺŗ7͙
-042̂GJIψ 
 
ʼɑǕǒɏ7ſ!D66χέȺʺŗ!J4Űƻʚ5İ*˨ť6Ηʦ1*2̂GJ
Iψ¢Ȅ6˨ť50χέɡ`RPf7̺ů#0ID66χxsR\lS
5FI˨ť6̕Ď͙0#@ψ6őĬ6~Qr7 Ni 1I2̂GJIχ~
Qrŝ*CƩǊ!JIȄİ7ŎȩαʮȄİ27ΝG4ψέɡ`RPf
7ŝ%0DfRnm]M͙!44I2-*ĻιDHχ;÷4Ù5͇ǿ%I2
Έ̫1Iψ 
(¥͈Ȁ[5]όS. Otsuka, Y. Hamada, D. Ito, T. Shimizu, and S. Shingubara, “Magnetoresistance of 
conductive filament in Ni/HfO2/Pt resistive switching memory, “ to be published in Jpn. J. Appl. Phys.) 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Û6Ú á÷ 
 
6-1©÷ 
 ȡ͈17ǕǒřĎ2f}ru\f6¢Ȅ6ɂ̉MD.ʼɑ~Qr6
Ç̨M̽Aχ~QrƩǊXug6̴ȊM̡-*ψ(6*C5 NiMέȺ2#* Ni/NiO/Pt, 
Ni/TiO2/Pt, Ni/HfO2/Pt2ʤ4I·ĎʉMD.ϊ.ȼͳ6˨ť5.0̼Í#*ψ̣ 6-17ī˨
ť6ʋƿM@2C*D61Iψ·Ďʉ̌ě7χÕ6˨ťʋƿE͈Ȁ˘1Ʋ*ǂŐMŎ5~Q
syn\M̡(J)J6˨ť5Ș;4ȥ¹M;ʚ#**C5ʤ4Iψ 
 Ni/NiO/Pt˨ť7χuŋ6fRnm]Mʾ#*ψONǕǒ6ɳƟÌŨƿG~Q
r΋ƅʨƿ͖MǛ,χOFFʍǆ17n}]¾žǶ΅ʨ1I2G~Qr
Ȃ̤#0I2ƽLJIψfRnm]Ưχ΃ Ni έȺɪɸ#
@*fRnm]u
1I2GDʄǚǽ~QrƩǊ5͙ŀ#0I2ƽLJIψ 
 Ni/TiO2/Pt ˨ť507χʤȄƿʼɑǕǒ2 TEM Ȃα̲ŸGƧʼƿ Ni ~QrƩ
Ǌ!J0I2Mʾĺ%I˯ȫƲGJ*ψ##χNi/NiO/Pt˨ť2ĮȽ5fRnm]Ư5
έȺ̣α5˒͙10#@436ĻιDʘ$*ψ6˯ȫMĤ0χɄ5έɑĎūʨ5~Q
rMƩǊ%I2M̽A*ψ 
 Ni/HfO2/Pt˨ť507χTEMȂα̲Ÿ7̡04D66χ̲Ÿ!J*ʤȄƿʼɑǕǒ
Ċȫ7χNi6RWǚǽ5F-0έɑĎūʨ5Ƨʼƿ~QrƩǊ!J*2Mʾĺ%Iψ 
 Ƨʼƿ~Qr6ƩǊ5Ș;4Ȣȁ6Ǧɔ@17̏-04D66χTiO22 HfO22
 2ˍμ6·Ďʉ50Xug6ʤ4I«ͱH6Ȅɛ1Ƨʼƿ~QrƩǊ1*
27χ(6ƩǊ5íʕƿHχ̩Ǿ6˨ťȼͳ1Űʚħ̉4ȏ͸ʨʕ͏1I2Mʾ#0
Iψȡʹː5F-0ǕǒřĎ6fRnm]ċÇ6̴Ȋ͵Ƅ#χǕǒřĎ2f
}ru\fǐ̢6̩Ĭ˨ť6Ç̨1I2̂GJIψ 
  
˖ 6˔ ˯͈ 
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̣ 6-1 ī˨ť6@2C 
* NiO TiO2 HfO2 
0&. 40 nm 10 nm 4 nm 
QBIEP % % @AU 
D@GFUC RIOVSV RIOVSV K@OVSV 
Icc 1 mA 0.1 mA 5 mA 
ON' 1( 1( 1( 
TCR (ON) 
(273-293 K) 
2.0 × 10-3 /K 1.2 × 10-3 /K 0.81 × 10-3 /K 
RRR 2.2 1.45 1.25 
AMR $8 0.11 % 0.16 % 
OFF' 
5"YNGLUC 
"YHUJT 
"YHUJT "YHUJT 
M?SQUH NiOx ) Ni ) Ni 
3 = = $8 
,  
%:<= Ni 3
6!# 
8936
M?SQUH> 
Icc :<=M?SQUH
;6- 
 
6-2HöĖ¨ 
 Ni/HfO2/Pt ˨ť17Ƨʼƿtw~Qr6ƩǊ5έɑĎūʨǏɛMģHåJ**CχέȺ
6řƩ2ƻʚ52-0̐Ķʨ4̕7ʕJ4-*ψ##4Gχȃ*4ĻιDɦ#*
*Cχ(JMıC±Ư6͆ι2ƄțMͬ=Iψ 
SET έɡ6ÂɱόÂɪ͔έąqyRfɔCGJ04GDʼƿtw~QrMƩǊ%
I57 Ni/HfO2/Pt ˨ť6őĬ17χ5mA 2ŝ4έɡƹ̫1-*ψ(1χFH Ni 
ǚǽ#E%RW¾žƿȢȁχÊ843Țą4Ȣȁ2#0ǞGJIψ 
þƳƿ6İό˨ťΘ6yoZ7D,KNχ.6˨ť50DχĮȥ¹1fRnm]
M͙#*őĬ5Į$~Qr1I27ΝG4ψJ7˱˸Ɔ6˭ǊMˣŵ5þƳ%
I21Ƿļ1I2ƽLJIψ  
ʼɑǕǒɏ6ŕŝό±ĿÇ̨#*ʼɑ~Qr6ʼɑǕǒɏ7ſ!χƻʚ5đö
27̵4ψ##4GχέȺMè5ƧʼƿÄ5#*ƧʼƿÄέȺωrv˱˸̌
ωƧʼƿÄέȺȼͳ50ƧʼƿÄ~QrƩǊ1J8χƧʼƿrvǧĬƩ
Ǌ!JςʼɑǕǒɏƲGJIrvʼɑǕǒĊȫ6ʦʕțCI+Kψ@*χǕǒřĎ
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
 
76 
ǐ̢Mƻʚ#0ƧʼƿrvǧĬ6[n͜ΪMέŅ5F-0řI21J
8χmf}ÌŨʼɑǕǒĊȫ˨ť6Ç̨Dħ̉1I2ƽLJIψʼɑ~Q
r6ƩǊ2ɪɸ2ʋƿMɠ#*ʼɑǕǒ˨ť7 Beyond CMOSqyRf2#0ś5ȝƮ
1ID61Iψ 
 
´Α A: f}ru\f2ʼɑǕǒĊȫ 
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Jċ Ağ&/>*<-#&Ö¶a­ 
 f}ru\f27χʼɑƍū5Iέť6f}2ȻƼ2ēžÄƍū5I
έ̘χ¾ž2ȻƼΈ4-*ζŌ621ƎŝʼɑǕǒĊȫ(GMR)[89]Ervʼ
ɑǕǒĊȫ(TMR)[90]2-*ʕ͏µ̣Ê2#0ǞGJIψGMRE TMR7ȅ5 HDD6ͅA
õ#ʼɑns2#0ǯ͢!J0I43ʦƄ̚#ψ@*χȃ̮ʕ͏.Dʦ̭!J0
I*Cχ(,G5.07³6ȀʑMğʂ#0ε*[54], [91]ψ17ʼɑ~Qr
6ʖ̴5ƹ̫4ʤȄƿʼɑǕǒĊȫ(AMR)5.0̈́Ȋ%IψʤȄƿʼɑǕǒĊȫ27χ
ʼő6Ƨ!χʼĎ2έɡ6İ5ÌŨ#0ǕǒÙřĎ%IέɡʼɑĊȫ692.1I[59]ψ
ėÄ6ʼɑǕǒĊȫ5Ι%Iʹː7 1875ƙ6 Kelvin6ʹː57$@H[92]χ(6ƯχĬ΋5
IʤȄƿʼɑǕǒĊȫʹː!J0I[93], [94]ψΰƧʼƿÄ5ḒGJIĊȫMɅƕĊȫ
(ordinary effect)χƧʼƿÄ5̭GJIʼĎ5ÌŨ%IĊȫMʤƕĊȫ(extraordinary effect)2ĵ;ψ
17ƧʼƿÄ6ʤƕĊȫ5.0˟ė5̈́Ȋ%Iψ 
 
Ń 1 (a)ƧʼƿÄ5ɡJIέɡ2̎ʦʼĎ6ΙÏχ(b)ʤȄƿʼɑǕǒĊȫ6ȿƢŃ ([54]χςȶ
ƤɌχ2009) 
 
Ń 1(a)7ƧʼƿÄ5ɡJIέɡ2̎ʦʼĎ6ΙÏMʾ#0Iψ@*Ń 1(b)êŋʨ4ƧʼƿÄ1
̭GJIʤȄƿʼɑǕǒĊȫ6ʼő	Ǖǒ(MR)Ȗ˴6ȻʢŃ1I[54]ψʤȄƿʼɑǕǒĊȫ27
iʼő´ͪ1̭GJIǕǒ6ŕćχD#7ɱƀ1Hχ(6Ʃ7ʼĐ6ˋċ2̎ʦʼĎ5Ì
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Ũ%IψʤȄƿʼɑǕǒĊȫ7έť6f}͞ͺʯ¬ÇʚΙÏ#0I2ʷGJ0Hχ
Pnf}έť2lSf}έť6ʍǆŵƟʤ4IƧʼƿÄ17χʼŖ5F-0ǽ§!J
IʻʒPn2lS1(J)Jʤ4HʼɑǕǒĊȫ͙IψʤȄƿʼɑǕǒĊȫ7ɄƢ1
̣'Iψ 
 
                        (1) 
 
1ρ7Ǖǒʒχθ7̎ʦʼĎ2έɡ64%̳Ɵχρ⊥7έɡ2ʼĎŊʮ4őĬχρ//7έɡ2ʼ
ĎƘ̡4őĬ6Ǖǒʒ1IψʤȄƿʼɑǕǒĊȫ17χƘ̡4őĬ5Ǖǒŕć#χMR 6
Ʃ7ó54IψȄχŊʮ6őĬ17Ǖǒ7ɱƀ#χMR 6Ʃ7ó54Iψͱƕ6ƧʼƿÄ
΋ƅEĬ΋17χρ// < ρ⊥6ΙÏǊH˓.ψʼɑǕǒĊȫ17ʼĎ	ʼőʋƿ2ĮȽ5{fp
df̭GJχ]~£6 Hc7Ðʼą(Coercivity)Mʾ%ψςʼőζŌ16χǕǒ6ɱƀ7ƧþĊ
ȫ2χʼĎ6ξķ5¿ʕ͏1Iψ 
 ʼɑǕǒĊȫ7χtwf^6ʼƿÄ1DƧʼƿ6ȚʀMɴů%I2ħ̉1IψŃ 25
ʾ#*67ė NitwR5IʤȄƿʼɑǕǒĊȫ1I[75]ψί̖ʶę1ʾ#*6t
wR5Ż#0Ƙ̡4ʼőχ̖͗ʶę1ʾ#*6ŊʮȄİ6ʼő6őĬ1I(Ń 2(a))ψŃ
2(b)2 2(c)5(J)Jχʮƭ 200 nm2 30 nm6ʼɑǕǒĊȫMʾ#*ψ3,G6ʮƭ50D
Ƙ̡6őĬ5Ǖǒɱƀ#0I2LIψŊʮ6őĬ17ʮƭ 200 nm 507ŕć#
0Iχʮƭ 30 nm6őĬ17ȚǄ4ŕć7̭GJ4ψJ7wRg5FID62̂GJ
Iψʮƭ 200 nm 6őĬ507χŊʮ62Ðʼąŝ*C5Ȋʻ4{fpdf̭
GJIψȄχƘ̡4őĬ17χÐʼąſ!*C{fpdf7̭GJ4ψtwR6
F4͠ʤȄƿ6ƧƩʍ17χΕǏȄİ2ƭȄİ1Ðʼą5ŝ4Ə1Iχ6ƩʍʜȦ
6ʼɑʋƿMƩʍʼɑʤȄƿ2ĵ;[77][78]ψ 
€ 
ρ(θ) = ρ⊥sin2θ + ρ// cos2θ
´Α A: f}ru\f2ʼɑǕǒĊȫ 
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Ń 2 NitwR6űɳ5IʤȄƿʼɑǕǒĊȫψ (a) NitwR5ɡJIέɡ2ʼ
ő6ΙÏ6ȿƢŃχ(b)ʮƭ 200 nmχ(c)ʮƭ 30 nm ([75], Y. Rheem, et al. 2007) 
 
Y. RheemɐGŐĳ#*χNitwR6ʼĎM̽˛%IψƩʍ7ʮƭ 30 nm, Ε! 5 µm6ì
Ȯ6D6M·ů%I2ŏˎ7 3.5×106 nm3χ(6Έ!7 3.1×10-14 g. ʼĎ7 1.7×10-12 emu24Iψ
1zk7¶6ͱH1Iψ(NiŵƟό8.902 g/cm3 [95], ʼĎʒ 54.39 emu/g [96]).
Ȣȁˈū6öΉ1Ⱦɷ24-0IȆȡXkqcRȲƢ½ˀ6 SQUID ʼɑɴů̥˾6
ɴůǅƟ7 1 x 10-8 emu1H[97]χė NitwR6ʼĎMǢI25ŁΫ1I
LIψ~Qr6Äˎ71̽˛#* Ni twR6D6FHDͽ5ſ!
2©ǃ!JI*Cχė~Qr6ʼĎMǢI57ʼɑǕǒĊȫ6ɴůȘ;2̵Iψ 
 ȡŰπ6ʼɑǕǒɴů57YSfk1̧Ʌ#*ÙMÉʚ#0Iψ1ʼȤŵƟ6Y
Sf[G]2pf[T]57Ʉ6ΙÏIψ 
1 T = 10000 G                              (2) 
@*χCGSėÁˤ17ʼȤŵƟ[G]2ʼʠ6Ƨ![Oe]57Ʉ6ΙÏIψ 
1 G = 1 Oe (ʲˑ£)                           (3) 
 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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Jċ BğÝxOí«LòÞ 
 
̣ 1 ~Vrj]~QMʚ*΃έȺƆÇ̨ȥ¹6̿˪ 
 ̡ˌ ȥ¹ 
1 vYefrŒƑ OMR-85ό4000 rpmχ30 s 
2 \ 90 , 10 min 
3 ήã ȎΘό0.7 s (Ŏȩ SiO2)χŇ Pt6őĬ57 0.5 s 
4 ʕÞ OMRʕÞɫό1 minχűɳ 
5 f OMRfɫ  
6 ~rW~ ĂΪɫ 502Aό200 χ1ȎΘχ 
7 f OMRfɫ 
8 ɞɢ ˦ɒ 
 
 
̣ 2 ~Vrj]~QMʚ*·ĎʉƆ2΃έȺƆÇ̨ȥ¹6̿˪ 
 ̡ˌ ȥ¹ 
1 ʥɒḌ̌αòʖ HMDSό3000 rpm, 20 s 
2 \ 90 , 90 s 
3 eefrŒƑ OFPR-800ό3000 rpm 30s, ̌ěό940 nm 
4 \ 90 , 90 s 
5 ήã ȎΘό7.0 s(Ŏȩ SiO2)Ň NiO6őĬ57 7.5 s 
6 ʕÞ NMD-3: 25 sɩɺ, ɫɳόűɳ 
7 f ˦ɒ 
8 fr\ 110  5 min 
9 ~rW~ Phr 
10 f IPA, ͚γɜɞɢ 
11 ɞɢ ˦ɒ, ͚γɜɞɢ 
´Α B: ˨ťÇ̨ȥ¹6̿˪ 
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̣ 3 έť˴j]~QMʚ*΃έȺƆÇ̨ȥ¹6̿˪υ«Ɔefrφ 
 ̡ˌ ȥ¹ 
1 ʥɒḌ̌αòʖ HMDSό3000 rpmχ30 s 
2 ʌʊƆŒƑ PMGI SF 3, 1500 rpm 30 s, ̌ěό150 nmυƆʭφ 
3 \ 180  3 min 
4 eefrŒƑ ZEP-520Aό3000 rpm 30 s ̌ě:440 nmυ«Ɔʭφ 
5 \ 180  3 min 
6 ήã ćͲέŅό50 kVχ|έɡΊό100 pAχDoes time, 1.4 µs/dot 
7 ʕÞ ZED-N50: 3 min űɳ 
8 f ZMD-B űɳ 
9 PlXnr NMD-3:˦ɒ=1:1, 10-30 s 
10 f ˦ɒ 
11 ~rW~ Remover PG 
12 f IPA 
13 ɞɢ ˦ɒ 
 
 
̣ 4 έť˴j]~QMʚ*·ĎʉƆ2΃έȺƆÇ̨ȥ¹6̿˪ 
 ̡ˌ ȥ¹ 
1 ʥɒḌ̌αòʖ HMDSό3000 rpmχ30 s 
2 eefrŒƑ ZEP-520Aό3000 rpm 30 s 
3 \ 180  3 min 
4 ήã ćͲέŅό50 kVχ|έɡΊό100 pAχDoes time 1.4 µs/dot 
5 ʕÞ ZED-N50: 3 min űɳ 
6 f ZMD-B űɳ 
7 ~rW~ ZDMAC: 90  
8 f IPA 
9 ɞɢ ˦ɒ 
ǕǒřĎ5IƧʼƿtwžͱ~Qr5Ι%Iʹː 
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̣ 5 ʮɡfznkȥ¹6̿˪ 
Ȣȁ fznkŅą Yf έɡ έŅ έą fznkr 
Ni 1.1 × 10-1 Pa Ar 0.2A 505 V --- 3.3 nm/min 
Pt 2.1 × 10-1 Pa Ar --- 379 V 150 W 30 nm/min 
Au 1.1 × 10-1 Pa Ar 0.2 A 574 V --- 5.3 nm/min 
Cu 1.6 × 10-1 Pa Ar 0.2 A 371 V --- 7.3 nm/min 
HfO2 2.0 × 10-1 Pa Ar:O2=1:1 0.2 A 303 V --- 0.8 nm/min 
TiO2 1.1 × 10-1 Pa Ar:O2=1:1 0.6 A 500 V --- 0.17 nm/min 
*SiO2 --- --- --- --- --- 1.0 nm/min 
*SiO2όRFfznkχŎȩćʄ 200χAr 30 ml/minχfʲˑƟ 5.2 × 10-4 Pa ͵̡ɜ 0.2 kW ġ
Žɜ 0.06 kW 
 
 
̣ 6 RW|Unm]ȥ¹6̿˪υ~Vrj]~Q˨ť6΃έȺƆφ 
Beam Current 34 mA 
Beam Voltage 150 V 
Accelerator Current 20 mA 
Accelerator Voltage 700 V 
Emission Heater of HCN 44 mA 
Keeper Voltage 36 V 
ArYfɡΊυRWɶφ 2.9 sccm 
ArYfɡΊυHCNφ 5.3 sccm 
ArŅą 3.09× 10-2 Pa 
SiO2Unm]r 3.4 nm/min 
PtUnm]r 9.4 nm/min 
´Α B: ˨ťÇ̨ȥ¹6̿˪ 
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Ń 1 έť˴j]~Q̥˾5F-0Ç̨#* 2Ɔefrzkχ(a, b, c)zkƩǊ
5ǊĆ#*efr6ãūκƵΔÞχ(d, e)zkƩǊ5Šǻ#*efr6ãūκƵΔÞχ(f)
Wyx]ȼͳ6Ȃα SEMÞ 
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We have studied variation of switching voltage of resistive random access memory (ReRAM). Basically,
the switching voltage at every switching has a different value because there are many conduction paths,
which are randomly chosen at every switching with different conductivity in an oxide insulator between
top and bottom electrodes. Limitation of the number of conductive paths is expected to lead the suppres-
sion of the variation of switching voltage. In this study, Ni nanorods buried into the nanoholes of an ano-
dic aluminum oxide (AAO) film have been fabricated to restrict the formation of many filaments and the
switching behaviors of the In/NiO/Ni nanorods has been investigated.
! 2012 Elsevier B.V. All rights reserved.
1. Introduction
Resistive switching random access memory (ReRAM) is one of
storage device with interesting reversible switching phenomena
between two different resistance states (low-resistance state:OFF
and high-resistance state:ON). These phenomena are observed in
many kinds of transition metal oxide thin film, such as Al2O3 [1],
NiO [2–5], and TiO2 [6]. The ReRAM has great advantages, for
example non-volatile, high-speed response [7], and low-power
driving [8]. From these reason, in the case of ReRAM consisted of
NiO materials, many kinds of devices have been extensively stud-
ied, such as a dependence of electrode sizes and types [2,3], IrO2
doped NiO film [4], and NiO nanowire [5].
These curious phenomena have been understood in terms a for-
mation and rupture of numerous nanofilaments as conduction
passes formed at a soft breakdown of an insulator [9]. When
switching, several filaments with different conductivity and differ-
ent length are randomly chosen from many choices. This must
have been leading the poor reproducibility of switching voltages.
For the practical application, it is required that the devices have
the same switching voltages at every switching. One of solutions
for suppression of the variation switching voltage is a restriction
of filament formation. If the restriction is possible, extreme
improvements are expected in the reproducibility. However, the
variation of the SET and RESET voltages seem not to depend on
electrode size in the region of 5 ! 10"2–103 lm2 [2], because the
electrode size was much larger than the filament size. It have been
reported that the filament diameter is several nanometer [10].
Namely, fabrication of oxide thin film with several tens nanometer
in diameter is thought to be suitable to restrict the different forma-
tion of the filament path. A nanorod which was prepared by elec-
troplating to an anodic aluminum oxide (AAO) is an optimal
material as the bottom electrode for the restriction [11], where
AAO consisted of a barrier layer and a porous layer was obtained
by anodization of Al film [12].
There are some reports about ReRAM device using a nanowire
as building blocks already [5]. However, most of the previous
studies employed thermal oxidation in forming oxide in the
metallic nanowires. Such a high temperature process would
cause metal diffusion problems into adjacent semiconductor
materials.
In this study, Ni nanorod has been prepared by an electroplating
method and then the surface of Ni nanorod is oxidized by oxygen
plasma treatment for growth of oxide thin film. The current–volt-
age (I–V) characteristics of In/NiO/Ni nanorod capacitor have been
investigated. The device using usual NiO/Ni film and the oxide also
has been fabricated and studied for comparison of the restriction
effects.
2. Experimental
Fig. 1(i)–(vi) show a schematic procedure of preparation of Ni
nanorod ReRAM device. The AAO templates were prepared on Si
substrates to fabricate Ni nanorod arrays. 10 nm-Ti, 40 nm-Au
and 500 nm-Al films were successively sputtered on H-terminated
n-Si (100) substrates which cut into 30 ! 30 mm2. Usually, an
amorphous alumina layer called the barrier layer exists at the bot-
tom of AAO pores on the Si substrate, which hinders homogeneous
electrodeposition in each pore. The barrier layer can be removed by
0167-9317/$ - see front matter ! 2012 Elsevier B.V. All rights reserved.
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wet chemical thinning process of aluminum oxide after completion
of anodization of Al [13]. Moreover, the Au functions as the protec-
tive layer for oxidation of the Si substrate during anodization. The
Ti layer was introduced to improve adhesion strength between the
Au film and Si substrate.
The Al films on the Si substrates were anodized used single step
anodization method in 0.3 M oxalic acid under constant voltage
conditions of 40 V. Then, the AAO nanopore array with the diame-
ter of about 30 nm and the density of 80 G pores/inch2 was ob-
tained [14]. During anodization, the electrical contact to the Al
film was formed from the back surface of the Si substrate, which
was tightly contacted with a Cu anode plate. The anodization
was stoped when the AAO pores reached Au surface. The temper-
ature during anodization process was controlled at 5 !C. Subse-
quently, the AAO films were slightly etched in 5 wt.% phosphoric
acid solution to remove the amorphous alumina barrier layer that
existed at the bottom of the nanohole. At this process, the pores are
widened from 30 to 70 nm. Although the diameter of the pores was
increased, we were able to obtain the AAO templates without the
barrier layer on the Au/Ti/Si substrates.
Ni nanorod arrays were formed in the AAO templates by pulsed
electroplating technique (voltage = 3 V, total time = 5 min, pulse
width = 10 ms, interval = 990 ms) at 53 !C [11], where the electro-
lytes were a mixture of nickel sulfate, nickel chloride, and boric
acid, and the bottom Au layer acted as working electrode during
Ni deposition. The Ni electroplating was continued until complete
filling of AAO pore with Ni. On the other hand, Ni film with thick-
ness of 50 nm was prepared by DC spatter for comparison of mor-
phological dependence of ReRAM. Both the Ni films and the
nanorod samples were treated with 200 W oxygen RF plasma for
10 min at room temperature. The thickness of NiO layer is about
10 nm. Subsequently, the top indium electrodes of diameter of
about 300 lm are attached on NiO nanorods. The surface morphol-
ogy of the both sample was evaluated by scanning electron micros-
copy (SEM). The I–V characteristics were examined by a
conventional two-probe method at room temperature, where the
current compliance of the Ni nanorod and Ni film samples limited
to 100 and 10 mA to guard the device from complete dielectric
breakdown, respectively. Compliance current limit depends on
the electrical conductivity of capacitors. In this study, the contact
area is the almost the same in both devices but effective area of
the device using usual Ni film is much larger than that of the device
with nanorod. Large effective area requires relatively high current
limit. A monopolar operation was adopted instead of an ordinary
bipolar operation.
3. Results and discussion
Fig. 2 shows the SEM image of the cross-section of the Ni nano-
rod in AAO templates. Ni metal is found in the nanoholes with
70 nm in diameter, 500 nm in length. Fig. 3 shows SEM image of
the cross-section of Ni film sample. The thickness of Ni film is
about 90 nm. The oxide layer formed by oxygen plasma was too
thin to observe by SEM.
Fig. 4 shows I–V characteristics of the nanorod sample. The
sample clearly exhibits switching phenomena and I–V hysteresis
loops with large ‘‘window’’ in the set (a) and reset (b) processes.
During set operation, the current compliance limit is required to
prevent permanent breakdown of oxide insulating layers. A maxi-
mum and a minimum of the set region are 1.42 V and 0.84 V,
respectively. On the other hand, the reset behavior occurs between
0.80 and 0.34 V.
Fig. 5 shows I–V characteristics of Ni film sample. The sample
shows the switching phenomena with the large variability of
switching voltage (set region = from 4.3 to 13.2 V, reset region = -
from 2.3 to 4 V). Switching voltages of the nanorod sample distrib-
ute at the narrow voltage region owing to the restriction of the
filament formation by nanostructure. The variability of switching
voltages of the nanorod sample clearly is suppressed, comparing
with that of the Ni film sample.
Fig. 6 shows cycle number dependence of switching voltages. As
shown in Fig. 6(a), the sample using NiO/Ni nanorod shows one
hundred stable switching behaviors. Meanwhile, after twenty-
two times cycles, the Ni film sample broke, as illustrated in
Fig. 1. Schematic procedure of preparation of NiO/Ni nanorod ReRAM device from
(i)–(vi).
200 nm
Ni nanowire
Au / Ti
Si substrate
Fig. 2. SEM image of cross-section of the nanorod sample.
200 nm
Ni
SiO2 substrate
Fig. 3. SEM image of cross-section of Ni film sample.
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Fig. 6(b). It indicates that switching endurance depends on fila-
ment forms. Switching voltages of the nanorod sample are distrib-
uted at small voltage band. In case of the Ni film sample, switching
voltage shifts to higher voltage gradually at every operations. It
indicates that the conductive properties of insulating films change
at every switching behavior.
Fig. 7(a) and (b) show the histogram of switching voltages with
the ratio of the maximum voltage to the minimum (RMM). Set and
reset voltage of the nanorod sample exhibits narrow distributions
with small absolute value, as shown in Fig. 7(a). SET RMM is about
1.7, which was almost the same value compared with previous re-
port using thermally oxidized nanowire [5].
In contrast, very wide distributions with SET RMM of 3.1 are
found for the Ni film sample in Fig. 7(b). Regarding to the maxi-
mum set voltage, this value of the nanorod sample has ten times
smaller value than that of the Ni film sample.
Switching properties of the nanorod sample were improved by
using the nanorods buried into AAO’s nanoholes.
Filaments of the Ni film sample might be formed in the wide re-
gion and might have different resistivity. The filament growth de-
pends on the space for filament formation. It is though that
filament formation is important for improvement of switching
properties.
4. Conclusion
We investigate the dependence of switching voltage for sam-
ples with different oxide forms. It is indicated that the variability
of switching voltages of the nanorod sample is small compared
with the Ni film sample. The ratio of the maximum voltage to
the minimum voltage of the set region for the nanorod sample is
restricted to less than two. The suppression of the variation of
the switching voltage is possible by the restriction of oxide film
forms. The restriction effect is very effective for the improvement
of reproducibility of the switching voltage.
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An investigation of current–voltage (I–V ) characteristics and the temperature dependence of resistance in a resistive switching (RS) memory with
a Cu/SiO2/Au device was performed. Moreover, conductive spots were observed by scanning electron microscopy (SEM) and cross-sectional
transmission electron microscopy (TEM). Both unipolar and bipolar operation modes were obtained. From the temperature dependence of
resistance, it is suggested that the conduction mechanism of the low resistance state (LRS) is metallic conduction and that of the high resistance
state (HRS) is variable-range hopping (VRH) conduction. The results of observing the device support this suggestion. We propose the switching
mechanism in the Cu/SiO2/Au device from these results. # 2013 The Japan Society of Applied Physics
1. Introduction
A resistive switching (RS) memory has been expected to be a
next-generation memory owing to its high density, low
power, and high speed.1–3) The structure of the RS memory is
simple similarly to a capacitance consisting of two electrodes
and an insulator. Many insulators have been reported for the
RS memory, such as NiO,4) TiO2,
5) Al2O3,
6) and SiO2.
7)
The mechanism of the reversible RS phenomenon has
been considered in terms of the formation and rupture of
filaments, such as a metallic conduction pass and an oxygen
vacancy. SiO2 is one of the frequently reported materials
with a metallic conduction pass as a bipolar conductive
bridging RS memory.7–16) The switching mechanism of the
conductive bridging RS memory has mainly been proposed,
in which the metallic filament grows through the SiO2 layer
and connects between the active and inert electrodes.
Usually, the initial state of a SiO2 thin film is the high
resistance state (HRS). A forming process is required to
construct the metal filament, which is achieved by applying
a high voltage to the capacitance structure with current
limitation. Then, the resistance state is converted from the
HRS to the low resistance state (LRS). Afterwards, a low
voltage is applied to the device in the LRS without current
limitation, and the resistance state changes to the HRS,
which is called the reset process. The HRS is back to the
LRS by applying the voltage with current limitation. This
is called the set process. To understand the switching
mechanism in detail, the RS memory has extensively been
studied.17–20) The direct observations of conductive filaments
by transmission electron microscopy (TEM) have recently
been attempted.21–23)
An analysis of the conductive filament must provide
important information for understanding the switching
mechanism. However, the physical properties of the metal
filament in SiO2 have not been well understood. In this
study, we investigated the RS mechanism by determining
current–voltage (I–V ) characteristics and measuring the
temperature dependence of resistance in the HRS and LRS.
Moreover, we attempted to observe the conductive spots
by scanning electron microscopy (SEM) and cross-sectional
TEM. Finally, we proposed a model of the switching
mechanism from these results.
2. Experimental Methods
The fabricated RS memory device has a simple cross-bar
structure formed on a thermally oxidized Si(100) wafer, as
shown in Fig. 1(a). The crossed-electrode size is 10" 17
!m2. Figure 1(b) shows the Au/Cu/SiO2/Au/Ti/SiO2/Si
capacitance structure of the crossed area. First, we deposited
a Au layer (34 nm) as a bottom electrode with a thin Ti
adhesion layer by direct current (DC) sputtering. Then, a
SiO2 layer (15 nm) was deposited on the bottom electrode as
an insulator layer by radio frequency (RF) sputtering using a
SiO2 target. Finally, a Cu layer (22 nm) was deposited as
a top electrode with a Au capping layer by DC sputtering.
A chemical analysis of the RF-sputtered SiO2 film was
performed by X-ray photoelectron spectroscopy (XPS;
Shimadzu ESCA-3400) using a magnesium anode (Mg K!
radiation of 1253.6 eV). Au 4f7=2 (84.0 eV) was used as
an internal standard for energy calibration. Figures 2(a)
and 2(b) show the XPS Si 2p and O 1s core-level spectra,
respectively. The formation of stoichiometric SiO2 was
confirmed by XPS analysis.24)
The electrical measurements of the RS memory were
carried out by a two-probe method at room temperature in
air, where the current is limited to 10 !A to prevent the
complete dielectric breakdown of the device. The tempera-
ture dependence of resistance was measured in a vacuum
chamber with a probe measurement system (Nagase Techno-
(a) (b)
Fig. 1. (Color online) Schematic drawing of the (a) simple cross-bar
structure and (b) capacitance structure of cross area. Top Au is a capping
layer, Cu is a top electrode (TE) layer, SiO2 is a switching layer, bottom Au
is a bottom electrode (BE) layer, Ti is an adhesion layer, and SiO2/Si is a
substrate.
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Engineering GRAIL-10), where quasi-four-probe and two-
probe methods were used in the LRS and HRS, respectively.
The morphology of the device was observed by using SEM
(JEOL JSM-7500F) and TEM (JEOL JEM-2100F), where a
specimen of the Cu/SiO2/Au device for TEM measurement
was prepared using a focused ion beam (FIB; SII SMI
3050SE).
3. Results and Discussion
Figure 3(a) shows the RS characteristics of the Cu/SiO2/Au
device in the unipolar operation method. As the applied
voltage swept to 2.8 V, the device current abruptly increased,
indicating that the transition from the HRS to the LRS
occurred (set process). Although the applied voltage was
swept again from 0 to 1.0V, the current abruptly decreased
to a low value, which corresponded to the reset process. The
device was reversibly switched between the HRS and LRS
by dc voltage in the same voltage direction, which was
called the unipolar operation mode. Additionally, bipolar
RS phenomena were also observed in the device, as shown
in Fig. 3(b). In the case of bipolar operation, the set and reset
values are !8:2 and 4.0V, respectively. An RS memory
with both bipolar and unipolar RSs, which are similar to the
RS phenomena of the Cu/SiO2/Au device, was previously
reported.7)
To clarify the conduction mechanism of the filament, the
temperature dependence of the resistance for both the HRS
and the LRS was investigated, as shown in Figs. 4(a) and
4(b). The resistance in the HRS increases with decreasing
temperature ranging from 300 to 100K and remains almost
constant at temperatures less than 100K. This similar
resistance behavior was observed in the insulating matrix
containing metallic nanodots. As seen from the inset in
Fig. 4(a), a better fit to the experimental data was obtained
by assuming a dependence on ln I / T!1=4 ranging from 190
to 300K following Motts’s law of variable-range hopping
(VRH).25) This mechanism is similar to the conduction
mechanism of the Au/Cr/Au-implanted-ZrO2/nþ-Si sand-
wiched structure in an ON state, as previously described.26)
At a low temperature, the conductance of direct tunnelling,
which was independent of temperature through the insulat-
ing matrix, was dominant.27) On the other hand, the
resistance in the LRS decreases proportionally to tempera-
ture, indicating that the conductive filament is metallic, as
seen in Fig. 4(b).
We attempted to observe the conductive spots.
Figures 5(a) and 5(b) show the top-view SEM images of
the cross-bar device before and after (LRS) RS phenomena,
respectively. The vertical bar is the top electrode and the
horizontal bar is the bottom electrode. There was nothing on
the surface of the top electrode before the RS phenomena,
as shown in Fig. 5(a). On the other hand, after the RS
phenomena, bright areas appeared on the surface of the
top electrode immediately above the edge of the bottom
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electrode. The inset in Fig. 5(b) shows part of the bright
areas. Projections of about 80 nm diameter and a craterlike
area of about 300 nm diameter were observed in the bright
areas. Moreover, the top electrode seemed to be swollen.
The deformation of the top electrode is similar to the
reported result indicating that an explosion occurred with
Joule heating in the forming process.21) Kondo et al.
proposed that conductive filaments exist at the edge of the
craterlike area. Hence, we determined that the conductive
spots are in the deformation area.
To observe the conductive filaments, cross-sectional TEM
observations with energy dispersive X-ray (EDX) analyses
were carried out in the device in the HRS after several
switching cycles. Figure 6(a) shows the TEM bright-field
image of the cross section of the deformation area. The
explosion seriously changes the features of the SiO2 layer.
One is that the film thickness increases to about 50 nm. The
other is that dark spots appear in the SiO2 layer. The dashed
line in Fig. 6(a) shows a contour of one of the dark spots.
We analyzed the dark spots to determine the composition
by EDX analysis. The analyzed points are indicated by cross
marks (a–e) in Fig. 6(a) and Table I shows the chemical
compositions of Cu and Au used as electrode materials. The
amounts of Cu at points a and b are higher than that of Au.
Therefore, Cu diﬀused into the SiO2 layer. In contrast, the
amounts of Au at points c, d, and e are higher than that of
Cu. Hence, it was proposed that particle-like dark spots are
Au-rich precipitates. It has been reported that Au in the ZrO2
film becomes particles with annealing28) and Cu on a SiO2
film diﬀuses into the film with annealing.29) Additionally,
according to theoretical calculations, local heating occurs
with Joule heating during the RS.30,31) These reports support
our proposal that dark spots are Au-rich particles.
To investigate the Au-rich particles in detail, a high-
magnification TEM observation was carried out, as shown in
Fig. 6(b). The dark area is a Au-rich particle and the light
area is SiO2. Part of the Au-rich particle indicated by
triangles is clearly recrystallized. The crystal structure of the
Au-rich particle cannot be determined because this particle
is nonstoichiometric and the crystal orientation is unclear.
Finally, we discuss a model of switching mechanisms
based on the switching characteristics and suggest the
mechanism of the electrical conduction of filaments by
TEM–EDX analysis. Figure 7 shows a schematic drawing of
the LRS and HRS after resistive switching. A high voltage is
applied to a device in the initial state, the insulator breaks
down at certain spots as a concentrated electric field, such as
the edge of an electrode, and defects are introduced into the
SiO2 layer. A high-density current flows in the connected
defects as the conduction pass. The metal atoms of the
electrode/SiO2 interface diﬀuse into the defects with Joule
heating owing to the high current density. Subsequently,
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Fig. 5. (a) SEM images of the top view of the cross-bar device and
(b) after forming process.
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precipitates of Au-rich particles form in the SiO2 layer and
Cu diﬀusion occurs at the interface. When Au-rich particles
connect the top and bottom electrodes, the device switches
from the initial state to the LRS. Therefore, the conductive
filament of the Cu/SiO2/Au device is formed by the
connected Au-rich particles, as shown in the LRS in
Fig. 7. Our proposal agrees with the temperature dependence
of resistance in the LRS, which is metallic. Moreover,
the conductive filaments rupture with reheating owing to
the high current density, which is the reset process. The
remaining particles in the SiO2 layer contribute to the
conduction in the HRS, as shown in the HRS in Fig. 7. Then,
the conduction mechanism is explained by the VRH. Part of
the RS mechanism of the conductive bridging RS memory
can be explained by the diﬀusion and precipitation of atoms
of the metal used as the electrode.
4. Conclusions
A Cu/SiO2/Au device exhibiting RS phenomena was
investigated in terms of I–V characteristics and the
temperature dependence of resistance. This device showed
both unipolar and bipolar RS phenomena. From the
temperature dependence of resistance, we suggested that
the conduction mechanisms of the LRS and HRS are
metallic and VRH conductions, respectively. Additionally,
conductive filaments were observed by TEM–EDX analysis.
Then, after switching, precipitates of Au-rich particles were
observed to form in the SiO2 layer. We propose that the
RS phenomena in the Cu/SiO2/Au device occur with the
connection and rupture of conductive filaments formed by
Au-rich particles.
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Temperature dependence of resistance of conductive nanoﬁlament
formed in Ni/NiOx/Pt resistive switching random access memory
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We investigated the resistive switching characteristics and temperature dependence of resistance of a Ni/NiOx/Pt resistive switching memory. The
device was operated in a unipolar operation mode. From the temperature dependence of resistance, it is suggested that the conduction
mechanism of the low-resistance state is metallic. Moreover, a deformed site that may correspond to the conductive ﬁlament appeared after the
forming process. Cross-sectional transmission electron microscopy with energy dispersive X-ray analysis showed that the Ni atomic content at
the NiOx of the deformed area was larger than those of other areas. It is strongly suggested that the conductive ﬁlament formed in the NiOx layer is
composed of Ni atoms. © 2014 The Japan Society of Applied Physics
1. Introduction
A resistive switching random access memory (ReRAM) has
been expected to be a next-generation nonvolatile memory
owing to its scalability against downsizing, possibility for
low power consumption, and high switching speed.1–10) The
structure of the ReRAM is simple, similar to a capacitor
consisting of two electrodes and an oxide layer. The
mechanism of the reversible resistive switching (RS) phe-
nomenon in various materials can be classiﬁed into two
different mechanisms.1,2,11) One is the valence-change
mechanism, in which the creation and ion migration of
oxygen vacancies induce the distribution of the carrier
density and the valence states of cations. Oxygen vacancies
migrate through the dislocation network and affect the
conductivity. The device driven by this mechanism usually
shows bipolar behavior, in which the low- and high-
resistance states (LRS and HRS) are switched with opposite
bias polarity. The other is the conductive ﬁlament (CF)
mechanism, in which the interplay between the thermal effect
due to Joule heating and the redox reaction in the ﬁlament
plays a dominant role for LRS and HRS; CF is created
through the insulator matrix during the electroforming
process through the accumulation of oxygen vacancies or
metallic atoms. In the rupture process, the Joule-heating-
assisted reduction reconnects the CF. In this case, resistance
switching can be achieved with only one bias polarity, and
is thus termed unipolar switching. There are two models for
the components of the CF, namely, the metal conduction path
and the oxygen vacancy path.12,13) Among the various oxide
materials demonstrating unipolar switching behavior,14–17)
NiOx is one of the most frequently reported RS materials to
exhibit this switching mechanism.18–24)
In the CF mechanism, it has been known that the electrode
material plays a key role in the creation of CFs.25,26) In the
case of the inert electrode, such as Pt, CF formed in the NiOx
matrix consists of high oxygen vacancy.24) In this study, we
adopted the Ni electrode as the active material. The physical
properties of the conductive ﬁlament of the Ni/NiOx/Pt
device were investigated on the basis of the temperature
dependence of the transport properties of LRS and the
observation of the detailed structure of CFs using trans-
mission electron microscopy with energy dispersive X-ray
(TEM–EDX). We discussed the role of the Ni electrode in the
formation of the CF.
2. Experimental methods
The fabricated ReRAM device has a simple cross-bar
structure formed on a thermally oxidized Si substrate as
shown in Fig. 1(a). The device size is 6 © 12 µm2.
Figure 1(b) shows a schematic drawing of a cross-sectioned
structure. At ﬁrst, we deposited a Pt/Ti bilayer (30/10 nm) as
a bottom electrode by direct current (DC) sputtering. Next, a
Ni layer (20 nm) was deposited on the Pt electrode. Then, the
device was annealed at 600 °C for 10min in O2 gas. Finally,
a Pt/Ni bilayer (30/10 nm) was deposited. The electrical
measurements of the ReRAM were carried out by a two-
probe method at room temperature in air. The temperature
dependence of resistance was measured where the four-probe
method was used to measure LRS from 300 to 9.8K. The
morphology of the device was observed by scanning electron
microscopy (SEM; JEOL JSM-7500F) and transmission
electron microscopy (TEM; JEOL JEM-2100F), where a
specimen of the Ni/NiOx/Pt device for TEM observation was
prepared using a focused ion beam (FIB; SII SMI 3050SE).
3. Results and discussion
Figure 2(a) shows the typical RS characteristics determined
by the unipolar operation method. At ﬁrst, the forming
process was performed at 1.9V, then the device was changed
from the initial LRS to HRS, and the current did not reach the
compliance current (1mA). As the applied voltage swept to
3.9V, the current abruptly increased, indicating that the
transition from HRS to LRS occurred; this corresponded to
the SET process. When the applied voltage was swept again
to 2.7V, the current abruptly decreased to a low value; this
(a) (b)
Fig. 1. (Color online) Schematic drawing of (a) cross-bar structure and
(b) capacitance structure of cross area.
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corresponded to the RESET process. The device reversibly
switched between HRS and LRS by the sweeping of the
positive DC voltage, which was the typical unipolar
operation mode. We speculate that this polarity-independent
switching may come from the thermal migration effect.
Figure 2(b) shows the endurance of RS behavior measured
by the sweeping of the DC voltage, where the read voltage is
0.6V. The device showed stable RS cycles, and we conﬁrmed
a memory operation of ReRAM.
To clarify the conduction mechanism of the CF, we
measured the temperature dependence of the resistance for
LRS, as shown in Fig. 3. The resistance of LRS decreased
almost linearly with temperature when the temperature
was decreased from 300 to 50K, indicating that the CF
was metallic. The inset shows the current–voltage (I–V)
characteristics of LRS at 300 and 9.8K. Both the linear
I–V characteristic and temperature dependence of resistance
strongly suggest that LRS has a metallic CF. The residual
resistivity ratio (RRR) can be expressed as RRR = R300K/
R10K. RRR of the device is 2.2, indicating that the CF
includes lattice imperfections, such as surfaces, grain
boundaries, and impurities.27) A temperature coefﬁcient of
resistance (TCR) can be calculated using TCR = 1/R00
dR/dT, where R is the electrical resistance and T is
temperature.28) TCR of the device is 2.5 © 10¹3 K¹1 at
200K, which is much smaller than that of pure bulk Ni
(6.7 © 10¹3 K¹1).29) Moreover, this TCR is almost as large as
that of the Ni nanowire of 30 nm diameter (TCR = 2.1 ©
10¹3 K¹1) reported elsewhere,30,31) suggesting that the me-
tallic behavior of LRS originates from the Ni CF of 10–30 nm
size. In the case of the vacancy ﬁlament, the TCR value is
much smaller than that of the metallic CF (TCR = 1.3 ©
10¹3 K¹1) reported elsewhere.12) Therefore, we expected that
the conduction path is nanoscale Ni CF that includes many
defects.
We attempted to identity the location of the conductive
spots where the CF was formed. Figure 4 shows the top-view
SEM images of the cross-bar device of LRS after two
switching cycles, where the SET voltage is 4.4V and the
compliance current is 3mA. After RS phenomena, bright
spots appeared on the surface of the top electrode. The inset
ﬁgure shows the enlarged view of the bright spots. The spots
of the top electrode are similar to the reported result in which
it was discussed that an explosion occurred with Joule
heating in the forming process.23,24) Hence, we assume that
the conductive spot is located at the bright area. In the inset
of Fig. 4, points I and II correspond to the locations inside
and outside the CS, respectively.
(a)
(b)
Fig. 2. (Color online) (a) Characteristic of typical unipolar resistive
switching and (b) endurance of RS.
Fig. 3. (Color online) Temperature dependence of resistance of LRS.
Inset shows I–V characteristics at 9.8 and 300K.
Fig. 4. Top-view SEM image of cross-bar device of LRS after two
switching cycles. Inset shows enlarged view of conductive spot.
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Cross-sectional TEM observations with EDX analyses
were carried out through the dotted line in the inset of Fig. 4.
At point I, we conﬁrmed the existence of the Ni layer and
stoichiometric nickel oxide, as shown in Fig. 5(a). A part of
Pt BE protruded when the device was annealed during the
fabrication process. On the other hand, serious changes in Ni
and NiOx layers were observed at point II. Speciﬁcally, the
Ni layer disappeared, and a nonstoichiometric nickel oxide
layer was formed, as shown in Fig. 5(b). The nonstoichio-
metric layer may relate to the CF. The bright area that
appeared on the top electrode is much larger than the size of
the CF. Therefore, nanoscale metallic CFs may exist at local
areas, such as the grain boundary.21,22) It is speculated that Ni
metals diffused into the oxide from the Ni electrode owing to
the Joule heating effect and metallic CFs are formed. A void
in the NiOx layer is considered to be formed by excessive
Joule heating that occurred during the set process.
4. Conclusions
We investigated the Ni/NiOx/Pt memory device. The device
showed typical unipolar resistive switching characteristics.
The temperature dependence of resistance of LRS showed the
metallic conduction property. After the formation of resistive
switching, a deformed area appeared on the surface of the top
electrode. It is suggested that a conductive spot is located
near the deformed area, and a Ni conductive ﬁlament exists in
the NiOx layer.
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Abstract There is a question whether the conductive
filament (CF) formed in the oxide layer of a resistive-
switching random access memory is made of oxygen
vacancies or metallic atoms. We investigated the CF of Ni/
TiO2/Pt device using temperature coefficient of resistance
(TCR), anisotropic magnetoresistance (AMR), and cross-
sectional transmission electron microscopy with energy
dispersive X-ray analysis (TEM-EDX). The low resistance
state (LRS) of the device showed metallic property by TCR
measurement. Furthermore, the device in the LRS showed
AMR, which was a direct evidence of the formation of
ferromagnetic CF. The cross-sectional TEM-EDX obser-
vation revealed that a nano-sized Ni precipitation existed in
the area nearby a conductive spot. It is intensively sug-
gested that Ni atoms migrated from the adjacent Ni elec-
trode to TiO2 layer to form the nano-sized ferromagnetic
CF.
1 Introduction
Resistive-switching (RS) random access memory is
expected to become one of next generation non-volatile
memories [1, 2], because of its scalability with respect to
downsizing [3], potential for the reduction of power con-
sumption [4], and high switching speed [5]. The structure
of the RS memory device is simple, similar to that of a
capacitor, consisting of two electrodes and an oxide thin
film, such as a transition metal oxide or perovskite oxide, in
between [6]. The proposed mechanisms can be classified
into two models [7]. One is the filament model, which
involves the formation and ruptures of a conductive fila-
ment (CF) formed in an oxide layer with soft breakdown.
The device switches between a low resistance state (LRS)
and a high resistance state (HRS) corresponding to con-
nection and disconnection of the CF. There are two types
of CFs: a metallic CF and an oxygen vacancy CF [8, 9]. In
the filament model, resistive switching can be achieved
with the same bias polarity and is thus called unipolar
switching behavior. The other model is the interface model
with a redox reaction at the interface between the electrode
and the oxide layer. This model usually shows bipolar
switching behavior [6].
Recently, it has been reported that CF in NiO-based RS
memory had ferromagnetism [10, 11]. However, existence
of ferromagnetism of individual CF of LRS has not been
clarified yet, because superconducting quantum interfer-
ence device was used to detect magnetization of CF. Only
average property of a large number of CFs was measured in
this case. If ferromagnetic CF exists, this suggests the
possibility of both an RS memory and spintronics device.
The aim of the present study was to confirm existence of a
ferromagnetic CF by focusing on temperature coefficient of
resistance (TCR), anisotropic magnetoresistance (AMR)
[12, 13], and cross-sectional transmission electron
microscopy with energy dispersive X-ray analysis (TEM-
EDX). To this end, we prepared Ni/TiO2/Pt device that had
ferromagnetic electrodes made of Ni and oxide layer made
of the oxide of a non-ferromagnetic metal. The reason for
using non-ferromagnetic metal oxide is to examine possi-
bility of formation of ferromagnetic CF by the migration of
ferromagnetic Ni metals into the oxide layer from the
electrode.
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2 Experiment
The fabricated device has a simple crossbar structure
formed on a thermally oxidized Si substrate, as shown in
Fig. 1a. The device size is 6 9 6 lm2. Figure 1b illustrates
the cross section of the Ni/TiO2/Pt structure. First, a Pt/Ti
layer (30/5 nm) was deposited as a bottom electrode by
direct current (DC) sputtering. Then, a TiO2 (10 nm) layer
was deposited on the Pt electrode by DC reactive sputtering
using Ar and O2 gases. Finally, a Ni layer (50 nm) was
deposited by DC sputtering as a ferromagnetic top elec-
trode. Chemical composition analysis of the TiO2 film was
performed by X-ray photoelectron spectroscopy (Shimazu
ESCA-3400) using a magnesium anode (Mg Ka radiation
of 1,253.6 eV). Au 4f7/2 (84.0 eV) was used as an internal
standard for energy calibration. The atomic composition of
the reactively sputtered oxide film was analyzed, the results
of which revealed the films to be TiO2. The electrical
measurements of the device were taken at 300 K in air,
where the current is limited to prevent the complete
dielectric breakdown of the device. Figure 1c shows
schematic of resistance network of the device and the
electrodes. Resistance of the device in the LRS is smaller
than that of the electrodes. To eliminate components of
resistance of electrodes, a four-probe method was used
when the TCR and AMR were measured. We could mea-
sure the resistance of the filament in the device by the
method. In the HRS, a two-probe method was used during
measurements because resistance of the HRS is much
greater than that of electrodes. AMR was measured at
300 K. The morphology of the device was characterized by
scanning electron microscope (SEM; JEOL JSM-7500F)
and TEM-EDX (JEOL JEM-2100F).
3 Results and discussion
The device was operated under unipolar operation mode,
suggesting the unipolar switching mechanism. Figure 2a
shows the typical unipolar RS characteristic. As the posi-
tive bias was applied to the Pt electrode, the current
increased abruptly at 1.9 V. This indicated that an HRS-to-
LRS transition occurred corresponding to the SET process.
When the bias with the same polarity was applied again,
the current decreased abruptly to a low value, which cor-
responded to the RESET process. The device switched
reversibly between HRS and LRS under a DC voltage in
the same voltage direction. The filament model accounts
for the switching mechanism of the device. Figure 2b
shows the endurance of RS behavior by sweeping DC
voltage, where the read voltage is 0.1 V. At first, the device
showed small current–voltage hysteresis loops. After sev-
eral cycles, large hysteresis loops were observed. This RS
corresponded to the forming process. After the forming
process, RS phenomena with a high HRS/LRS ratio
occurred.
Fig. 1 Schematics of a the crossbar RS device structure and b the
cross section of the device. c Shows the schematic of resistance
network of the top electrode (RTE), the bottom electrode (RBE), and
the device (RDevice)
Fig. 2 a Typical unipolar RS
characteristics. The current
compliance value for the SET
process is 0.1 mA. b Endurance
characteristics under DC
switching sweep mode. Readout
voltage is 0.1 V
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Figure 3 shows temperature dependence of the resis-
tance for the LRS. The resistance of the LRS decreases
almost linearly with temperature as the temperature is
lowered from 300 to 50 K, indicating that the CF has a
metallic conduction property. The inset shows the I–
V characteristics of the LRS at 300 and 9.8 K. The linear I–
V characteristics for both cases indicated that there is no
Schottky barrier nor tunneling barrier in the LRS, and
metallic conduction is suggested. The residual resistivity
ratio (RRR), which can be expressed as RRR = R300 K/
R10 K, is 1.45. This value is much smaller than that of the
bulk pure Ni. It is suggested that the conductive electrons
in the CF are scattered by lattice imperfections such as
surfaces, grain boundaries, and impurities [14, 15]. In
addition, TCR is calculated via TCR = (1/R0) ! (dR/dT)
[15], where T is the temperature, R is the resistance, and R0
is the resistance at 273 K. The TCR of the device from 273
to 293 K is 1.2 9 10-3/K, which is much smaller than that
of bulk pure Ni (6.1 9 10-3/K) [16] but comparable to that
of a 30-nm diameter Ni nano-wire (2 9 10-3/K) [15].
Moreover, the TCR of our device is similar to that of a Ni/
ZrO2/Pt device (1.27–2.20 9 10
-3/K) [17]. This suggests
that the metallic behavior of the LRS stems from a metallic
Ni CF with a diameter of a few tens of nanometers.
However, it is reported that TCR of oxygen vacancies CF
in a Cu/Ta2O5/Pt device is 1.3 9 10
-3/K [18]. It is not easy
to determine whether CF is made of metals or oxygen
vacancies by the TCR only; therefore, we focused on
magnetoresistance property of CF.
To examine magnetic characteristics of the device in the
LRS, we measured magnetoresistance of the LRS as shown
in Fig. 4, where the directions of the external magnetic
field are shown in the schematics. The magnetic field Hx is
in-plane to the substrate and perpendicular to the Ni top
electrode. Hy is also in-plane and parallel to the Ni elec-
trode. Hz is perpendicular to the substrate. MR ratio is
defined as DR/R = {R(H) - R(H0)}/R(H0) 9 100 (%)
[19], where R(H) is the resistance under the external
magnetic field and R(H0) is the resistance at zero field. It
should be noted that AMR was observed in the LRS. The
AMR showed a convexity under the applied fields Hx and
Hy. A concave AMR was observed under the field Hz. As a
reference, AMR of a Ni wire with 6 um width and 50 nm
thickness is shown in Fig. 5, where the configuration of the
Ni wire and the directions of the current and external
magnetic field are illustrated too. The inset figures are
enlarged views of the regions marked with rectangle. We
will discuss how the shape of the AMR curve depends on
the direction of the current flowing into the Ni wire and the
device. AMR, which occurred in ferromagnetic transition
metals, depends on the direction of the magnetization with
respect to the electric current direction in the material [12,
13]. The theoretical basis takes into account spin orbit
coupling and d band splitting. AMR is given by
qðhÞ ¼ q? sin2 hþ q== cos2 h
where h is angle between the current in material and the
direction of the magnetization and the q// and q\ are
electrical resistivities parallel and perpendicular to direc-
tion of magnetization, respectively. In the case of ferro-
magnetic transition metals and alloys, q// is generally
greater than q\. The parallel and perpendicular configu-
rations show AMR with concave and convex shapes,
respectively. These shapes are caused by the orientation
effect that depends on the direction of the spontaneous
magnetization and the change of magnetic domain caused
by domain wall movement. In the Ni wire, the current
flows along the y-axis, the AMR exhibits concavity,
because the current is parallel to the magnetic field, as
shown in Fig. 5b. In the device, concave AMR is observed
when the magnetic field is applied along the z-axis, as
shown in Fig. 4c. This is because the current flowing into
the device is perpendicular to the substrate and parallel to
the field. From above results, we infer that the observed
AMR in the device is originated from the ferromagnetic CF
formed in the TiO2 layer. The relationship between the
currents ICF in the ferromagnetic CF and external magnetic
fields is illustrated in Fig. 4. Coercivities (Hc) of the device
are about 50 mT for Hx, about 70 mT for Hy, and about 100
mT for Hz, which are much larger than those of the Ni wire
(Hx: 1 mT, Hy: 1 mT, Hz: 70 mT), as shown in Fig. 5,
where coercivities are determined by the switching field of
AMR. Coercivity values of the Ni wire were comparable to
those reported for Ni film and lines [20]. In the device,
hysteresis loops are clearly observed under field Hz because
Fig. 3 Temperature dependence of resistance at a constant current of
50 lA. The inset shows I–V characteristics in the LRS at 300 and
9.8 K
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of the large coercivity. Coercivities of the device are
increased by the nano-sized effect derived from the shape
magnetic anisotropy [20–22]. Therefore, diameter of the
ferromagnetic CF in the device is supposed to be nano-
scale. The maximum AMR ratio of the Ni lines is 0.75 %
[20]. The observed AMR in our device is approximately
0.1 %, which is smaller than that of the Ni film. It is
suggested that the ferromagnetic Ni CF included lattice
imperfections that is expected from the temperature
dependence of resistance.
Fig. 4 Magnetoresistance
characteristics in the LRS.
Directions of the external
magnetic field are a Hx, b Hy,
and c Hz. Arrows in the figures
indicate direction of the
hysteresis loop. The lower
drawings illustrate the geometry
between the current ICF into the
CF and the external magnetic
field H during the
magnetoresistance measurement
Fig. 5 AMR characteristics of
the Ni wire. Directions of the
external magnetic field are a Hx,
b Hy, and c Hz. Arrows in the
figures indicate direction of the
hysteresis loop. The inset plots
are enlarged views of the
regions marked with rectangle.
(The units of the inset axes are
the same as in the main figure.)
The lower images illustrate the
geometry between the directions
of the current in the Ni wire and
the external magnetic field
during the magnetoresistance
measurement
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We attempted to identify the location where the ferro-
magnetic CF was formed. Figure 6 shows the top-view SEM
image of the device in the LRS after the forming process. The
vertical bar is the top electrode, and the horizontal bar is the
bottom electrode. Before the forming process, the surface of
the top electrode showed no irregular feature (data not
shown); however, after the forming process, it featured bright
spots as shown in Fig. 6. An inset shows an enlarged view of
these bright spots. Three protrusions with diameters of about
280, 90, and 50 nm were observed. The deformation of the
top electrode is supposed to be caused by an explosion due to
Joule heating during the forming process [9, 23]. We con-
firmed that devices having several protrusion spots similar to
Fig. 6 still exhibit stable switching phenomena. Therefore, we
believe that the protrusions are related to conductive spots
where the ferromagnetic CF is formed.
To observe the ferromagnetic CF, cross-sectional TEM-
EDX analysis was carried out for largest and second largest
of conductive spots. The largest spot has a dome-like shape
due to the explosion that occurred during the forming
process (data not shown). This spot no longer contributes to
the electrical conduction because the top electrode does not
contact the TiO2 layer. The TEM bright-field image of the
cross section of as-deposited sample and the second largest
spot are shown in Fig. 7a, b, respectively. The explosion
changes the features of the TiO2 layer under the protrusion.
The bright areas in the TiO2 layer are voids that were
presumably formed as a result of Joule heating which
generates O2 molecules in the TiO2 layer [24]. We used
TEM-EDX to analyze the composition of the as-deposited
sample and the sample after the formation at the location
under second largest spot. Figure 7c, d shows the distri-
bution of the atomic ratio of Ni, Ti, and Pt for each position
along the dashed lines in TEM images. In the line (c), the
amounts of Ni and Pt decrease toward the TiO2 layer and
each layer is clearly distinctive. By contrast, in the line (d),
the distributions of Ni and Pt exhibit shoulders around
23–28 nm corresponding to the TiO2 layer. This suggests
that the area contains Ni and Pt atoms. Joule heating causes
the diffusion of Ni electrode into the TiO2 layer. We expect
that ferromagnetic CF, which consists of precipitated Ni
atoms, exists around protrusions. However, accurate loca-
tion of the ferromagnetic CF is unclear because the
smallest protrusion is not observed, and a prepared TEM
specimen is fragmentary. To understand the formation of
the ferromagnetic CF more in detail, in situ dynamical
observation using TEM-EDX would be necessary.
We cannot distinguish a metallic CF and an oxygen
vacancy CF by TCR measurement only; however, the
observed AMR is a clear evidence of ferromagnetic CF.
Because RS phenomenon occurs in the same voltage
direction, the ferromagnetic CF may be formed due to
thermal diffusion assisted by a Joule heating effect of Ni
atoms from the adjacent Ni electrode to TiO2 layer,
rather than ion migration of Ni ions. In the TiO2-based
Fig. 7 Bright-field TEM images of the cross section of a as-
deposited sample and b the second largest spot. c and d show
distributions of the atomic ratio of Ni, Ti, and Pt as determined by
EDX for each position along the dashed lines in TEM images. The
arrow in figure d indicates the position of the shoulder for the Ni
atomic ratio
Fig. 6 SEM image of the top view of the crossbar RS device in the
LRS after the forming process. Inset is an enlarged view of the
protrusions. Circles indicate the observed protrusions using the cross-
sectional TEM
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device, unipolar as well as bipolar RS phenomena have
been explained by oxygen vacancy CF [9, 24–27]. On
the other hand, in the case of unipolar device, it is well
known that CF is attributed to Magne´li structure [9].
Therefore, the Magne´li structure might be formed in our
device. However, we could not find the structure
because TiO2 layer was too thin. It seemed that Joule
heating occurred by a large current that flew through the
Magne´li structure; then, Ni atoms were diffused away.
Generally, Pt was used as the both electrodes for TiOx-
based RS memory, and the thickness of the TiOx layer
was thick enough (20–57 nm [9, 24–27]) compared with
that of our device, so that electrode material might not
diffused in the TiOx layer.
In the HRS, the resistance at 1.5 V increases with
decreasing temperature in the temperature range from 300
to 200 K and remains almost constant at temperature lower
than 200 K, as shown in Fig. 8. I–V characteristics at 300
and 10 K are shown in the inset. The I–V characteristic
shows nonlinearity at 300 K. The tunneling current passing
through the insulating layer, which was independent of
temperature, is dominant at a low temperature [14]. AMR
was not observed for either of three directions in the HRS
(data not shown). It is suggested that the ferromagnetic CF
was ruptured during the RESET process, probably due to
dissolution and/or oxidation of Ni atoms in the ferromag-
netic CF. Joule heating by large current may be one of
reasons for the RESET process.
The device with ferromagnetic CF exhibited both RS
memory and spintronics device properties. Although
the observed magnitude of AMR is small, there is the
possibility of obtaining a large MR [28]. We expect
that the ferromagnetic CF will pave the way to a new
multi-functional device with both spin-dependent and
electrical field-dependent conduction properties, not
only for memory but also for logic device functions as
well.
4 Conclusion
We investigated existence of the ferromagnetic CF in Ni/
TiO2/Pt device with unipolar RS characteristic. The tem-
perature dependence of the resistance of the CF formed in
the device exhibited metallic conduction properties. It was
shown that AMR occurred in the LRS, which strongly
suggested that a ferromagnetic CF was formed in the TiO2
layer. Precipitated Ni was observed in the TiO2 layer under
the protrusion using cross-sectional TEM-EDX. From the
above results, it is suggested that Ni atoms were diffused
from the adjacent Ni electrode to form the ferromagnetic
CF.
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